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THE INFLUENCE OF THE DEGREE OF MODIFICATION OF A SILICA 
SURFACE BY TRIMETHYLCHLOROSILANE ON THE ADSORPTION 
PROPERTIES OF THE SURFACE 


I. Yu. Babkin, V. S. Vasil*eva, I. V. Drogaleva, 
A. V. Kiselev, A. Ya. Korolev and K. D. Shcherbakova* 


(M. V. Lomonosov State University, Moscow; All-Union Scientific Research 
Institute for Aviation Materials) 


@resented by Academician M. M. Dubinin, June 13, 1959). 


The nature of the surface and its chemical modj fication have a considerable influence, not only on the 
behavior of highly dispersed solids,such as adsorbents and catalysts, but also on the properties of filling materials 
based on polymers, We have shown [1-6] that the modification of highly dispersed materials ("blacks",silica ) 
by surface chemical reactions permits control of the nature of the surface and of its physical and chemical pro- 
perties over wide limits.* * Such modification, for example, can alter the adsorption of vapor, for example ,water 
vapor on silica*** and “blacks", by factors of from ten to several hundred, 


The present work is devoted to a study of the influence of the degree of modification of the surface of high- 
ly dispersed, nonporous specimens of silica (aerosil), by reaction with trimethylchlorosilane, on the adsorption 
properties of the silica, The surface of the original aerosil was not completely hydrated, so that the reaction 
with trimethylchlorosilane led only to partial modification, since the dehydrated part of the surface did not react, 
The dehydrated part of the surface is hydrophobic [4, 8], and the modified part, which is covered with Si(CHgs), 
groups, is also hydrophobic, so that the original specimen after modification adsorbs water vapor only very weakly 
{1]. The aim of the present work was to reduce the adsorption of the vapor of other substances, in particular 
saturated hydrocarbons, whose behavior at a silica surface is only very slightly affected by dehydration [4,9]. 
This made it necessary to increase the degree of covering of the surface by the Si(CHg), groups to such an extent 
that the part remaining uncovered might be inaccessible to the molecules of organic substances, Since an in- 
crease in the degree of covering by Si(CHg)s groups could only be expected for a more extensively hydrated 
surface, we subjected the original aerosil to a hydrothermal treatment before the treatment with trimethylchloro- 
silane, The present work therefore describes the study of the following four silica specimens; 1) the original 
aerosil [1] — specimen Al, 2) the original aerosil modified in trimethylchlorosilane vapor [1] — specimen AIM, 

3) the aerosil hydrated in an autoclave — specimen AlH, and 4) the aerosil hydrated in an autoclave and then 
modified in trimethylchlorosilane vapor — specimen AlHM. 


The quantity of trimethylsilyl groups linked to the silica surface was determined from the increase in 
weight of the specimen and by microanalysis, 


The specific surface of the specimens s, the analysis data, the average trimethylsilyl group concentrations 
Oi CHs)s ,and the average degree of covering of the surface by these groups® Si(CHg), are shown in Table 1. 


*L. I. Doroshina, M. G. Kuz’mina, G. M. Lyulina and L. F, Pavlova took part in the work, 
**See references cited in [1] for details, 
***The influence of the hydrophobic properties of aerosil on the adsorption of water is dealt with in [7]. 
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penetrate into the gaps, 


TABLE 1 


Si(CHg)3 Groups 


The value of 8 Si(CHg), was determined using the fact that the Van der Waal's dimensions of this group corres - 
pond to an area w° Si(CHy)s = 42 Mor concentration cmSi(CHsg)x = 2.35 Si(CHs)g groups per 100 A% In actual fact, 
these groups, as a result of the complex relief of the aerosil surface, are not arranged in such regular fashion, so 
that the possible limiting Si(CHg)s group concentration on the aerosil surface for the most favorable distribution 
may differ slightly from the indicated value of amSi(CHg)s = 2.3 groups per 100 A®. For an approximate estimate 
of the average degree of covering of the aerosil surface by Si(CHg), groups, however, we may accept this value 

of the limiting concentration, From this, © Si(CHg)s = «S1(CHg)s /2.35. The Si(CHg)s groups, as a result of 

their large size, can screen part of the hydroxy] groups on the silica surface, It should also be noted that the 
reaction with C1Si(CHg)s, even for a fully hydrated silica surface, cannot lead to an absolutely compact arrange - 
ment of these groups, since in the chemisorption processes there are usually formed small “gaps” between the 
attached molecules of adsorbed material, and new molecules of such large size cannot enter these gaps. This 
leads to a mosaic-like structure for the chemically modified surface, and allows molecules of smaller size to 
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Fig. 1. Adsorption isotherms for the vapor of (a) n-hexane, (b) benzene and (c) 
methanol on aerosil specimens; 1) original Al, 2) hydrated AIH, 3) modified 
AIM and 4) modified after hydration AlHM. 


Figure 1 gives the adsorption isotherms obtained for n-hexane, benzene, and methanol vapor. Modification 
leads to a decrease in the adsorption of all three substances. In the case of hexane (Fig. 1, a), the change from 
the hydrated surface to the surface modified to an extent of approximately 58 % at first brings about only a slight 


We have studied the adsorption isotherms for hexane, benzene, methanol and water vapor, for all four 
silica specimens, Before the experiments the specimens were degassed in a vacuum adsorption apparatus at 150°, 
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decrease in the adsorption. In the range of relative vapor pressure p/ Ps from 0 to 0.1, the adsorption isotherm 
for the modified original material AIM is practically identical with that of the original and hydrated specimens 
Aland AlH. This is probably related to the fact that in the case of the Al specimen, the hexane is adsorbed pre- 
dominantly in the dehydrated parts of the surface not covered by Si(CHg), groups (the behavior of hexane is little 
affected by decrease in the concentration of hydroxyl groups on the adsorbent surface [4-9]). On a surface mod- 
ified to the much greater extent of 93%, however, the adsorption of hexane is considerably reduced (by a factor 
of 15 at p/p. = 0.1). The surface of the AIHM specimen modified to an extent of approximately 93% is evident- 
ly covered by Si(CHg)g groups in such a compact fashion that the free "gaps" on the surface are inaccessible to 
the large hexane molecules, The trimethylsilyl groups separating the adsorbing surface from the silica skeleton 
of the aerosil weaken the dispersion interaction with the surface, which leads to a considerable decrease in the 
adsorption of hexane on the aerosil which is modified to an extent of 93%, by comparison with the original and 
hydrated specimens and the specimens modified to an extent of only 58%, 


The adsorption of benzene is even more sensitive to change in the extent to which the surface is covered with 
Si(CHg), groups. Figure 1, b shows that the adsorption at p/ P, = 0.1 on the AIM aerosil modified to an extent of 
approximately 58% is less than that on the original (Al) and hydrated (A1H) aerosil by a factor of 1.8, whereas on 
the AIHM specimen for which the degree of covering is approximately 93% the adsorption at p/ P, = 0.1 is smaller 
than in the hydrated specimen by a factor of 65.This sharp decrease in the adsorption of benzene results not only 
from the weakening of the dispersion interaction, but also to a considerable extent from the weakening of the 
electrostatic interaction of its molecules with the hydroxyl groups of the surface [4, 11]. This electrostatic inter- 
action is extremely sensitive to the removal of the hydroxyl groups from the aerosil surface when they are re- 
placed by nonpolar groups. In the case of a surface modified to an extent of approximately 58%, part of the de 
hydrated silica surface remains accessible to the benzene molecules, and the dispersion interaction is similar to 
that for the hydrated surface, as in the case of the adsorption of hexane, In this case the adsorption of benzene is 
decreased for the most part as a result of the weakening of the electrostatic interaction with the hydroxyl groups, 
which are replaced or screened by Si(CHg)g groups. In the case of the AlHM aerosil modified to an extent of 
93%, however, the layer of Si(CHg)g groups on the surface is much more compact. Thus, whereas the AIM aerosil 
modified to an extent of 58% still has dehydrated regions on the silica surface between the Si(CHg), groups, so 
that the large benzene molecules can arrange themselves in these gaps, the AlHM aerosil has no such gaps, The 
benzene is adsorbed on this surface only on the layer of Si(CHg)g groups and the dispersion interaction is weakened 
considerably, The extremely weak interaction between adsorbent and adsorbed material in this case is shown by 
the concave shape of the benzene adsorption isotherm. 


Comparison of the methanol adsorption isotherms (Figure 1, c) showed that on going from the hydrated sur- 
face tothe surface covered with Si(CHg)s groups to an extent of 55%, the methanol adsorption decreases by a 
factor of approximately two. The change to the surface covered to an extent of 93% (specimens AIHM) however, 
reduces the methanol adsorption at p/ P, = 0.1 by a factor of 16, The methanol adsorption isotherm becomes 
slightly concave, which at very low adsorption values is characteristic of extremely weak interaction between 


adsorbent and adsorbed material. The reason for this is evidently the same as for the case of the adsorption of 
benzene, 


Figure 2 gives the water-vapor adsorption isotherms, Water is adsorbed on the original Al aerosil to a slightly 
smaller extent than on the hydrated AlH specimen, and this is related to the fact that the degree of hydration is 
less for the original specimen, The lowest water adsorption was obtained for the AIM specimen with the surface 
covered by Si(CHg), groups to an extent of only 58%, and onthe more completely modified (to an extent of 93%) 
AlHM specimen the adsorption of water was found to be slightly higher. This is related to the fact that in the 
first case the region of the silica surface still available for adsorption of water is dehydrated, whereas in the 
second case the extensively hydrated part of the silica surface which remains uncovered by Si(CHg), groups is 
still accessible to water molecules, which have the smallest dimensions of all the adsorbed substances studied in 
the present work, For this reason, although the total surface not covered by Si(CHg), groups has been reduced, its 
ability to adsorb water has increased, 


This comparison shows that the decrease in the adsorption of methanol, benzene and hexane caused by mod- 
ification of the surface to an extent of 58% is less than the corresponding decrease in the adsorption of water, 
whereas more complete modification leads to a sharp decrease in the adsorption, particularly that of benzene, 
The sharp decrease in the adsorption of hydrocarbons is of considerable interest in connection with the chromato- 
graphic separation of hydrocarbon mixtures by the gas-adsorption method, which is normally used only for the 
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separation of lower hydrocarbons, because the heavier hydrocarbons are too strongly adsorbed, In the case of ex- 
tensively modified silica, in the first place, the adsorption of the heavier hydrocarbons is considerably reduced, 
while, in the second place, the isotherm becomes almost linear, This makes it possible to shift the boundary 
between the gas-adsorption and gas-liquid methods towards the heavier hydrocarbons, while retaining the ad- 
vantages of the high chemical and thermal stability of the surface. When, as is necessary, the mosaic character 


of the modified layerhas been eliminated, it will be possible to combine the advantages of the adsorption and 
distribution methods of gas chromatography. 
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THE STUDY OF THE Bi,Tes — BizSy SYSTEM 


M. L. Beglaryan and N. Kh. Abrikosov 


(A.A.Baikov Institute of Metallurgy, USSR Academy of Sciences) 
(Presented by Academician I. V. Tananaev, June 20, 1959), 


At the present time the study of systems of three or more components with a view to finding new semi- 
conducting materials is of considerable interest. Certain chalcogenides of the elements of the fifth group of 
the Mendeleev Periodic Table, and solid solutions based on these compounds, have already found application 
in thermoelectric and photoelectric technology. Thus, for example, bismuth sulfide is used as a photoresistor 


(1). A temperature decrease of 40° has been obtained by the use of bismuth telluride in thermoelectric refriger- 
ators [2]. 


It is known that the efficiency of thermal cells is proportional to the ratio of the electrical conductivity 
to the thermal conductivity in the branches of the thermocouple. A. F. Ioffe [3] has shown that this ratio can 
be increased by using multicomponent systems containing heavy atoms, In practice, when bismuth telluride is 
replaced by solid solutions formed in the systems Bi,Te, — Bi,Se, and Bi,Te, — SbyTeg, the decrease in the thermal 
conductivity of the lattice makes possible a considerable increase in the efficiency of the thermal cells (4, 5]. 
The thermoelectric properties of alloys of the Bi,Te,—Bi,S, system have not been studied, 


Work has been carried out [6] on the mobility of electrons and *holes" in the region adjoining bismuth 
telluride and extending up to a concentration of 30 mole % Bi,S,. The authors of the work cited suggest that a 


solid solution exists in the range from bismuth telluride to the compound Bi,Te,S, which have identical crystal 
structures, 


An earlier work [7] described the construction of the phase diagram for the BigTes—-Bi,S, system (Fig.1). 
According to the data of the authors, this system contains the single compound BigTeg * Bi,S,, which forms a 
eutectic with bismuth telluride, It should be noted that in the work cited the studies were carried out on specimens 
which had not been annealed, and which therefore had not reached equilibrium, The formation of the compound 


Bi,Te,S, corresponding in composition to the natural mineral tetradymite, was denied by the authors of the work 
cited, 


The crystal structure of the mineral tetradymite has been studied 
in detail by D. Harker [8] who showed that the mineral has a rhombo- 
‘hedral structure with parameters a = 11.31 A and a = 24° 10", A char- 
acteristic feature of the tetradymite structure is the layer arrangement 
of the bismuth, tellurium and sulfur atoms in the order Te-Bt-S-Bi-Te— 
Te-Bi-S. . .,etc. Work has also been done on the nature of the bonds 
between the atoms within the layers and between the atoms of different 
layers [9]. 


0 100 The aim of the present work was to check the phase diagram of 
Bi,S, ———+ mole % the Bi,Tes-Bi,S, system using equilibrium alloys, and also to study 


Fig.l. Phase diagram for the Bi,Te,- certain physical properties of the alloys. 


Bi,S, system,according to the data of 


The specimens studied were prepared by fusing together bismuth, 
M. Amadori. 


tellurium and sulfur in the required proportions in evacuated quartz ampoules 
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Fig. 2, Phase diagram for the Bi,Te, — 
BigS, system, according to our data: 1) 
halts on the thermograms, 2) two-phase 
alloys; open circles —single-phase alloys. 
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Fig. 3. Electrical properties of alloys 
in the Bi,Tes— BigS, system, 


The tellurium and sulfur were purified by distilling twice in vacuo, 
Spectral analysis showed that the bismuth contained less than 
0.0005 % Ag and Sb, less than 0.001% Fe, Si, Cu and As, and 
0.015% Mg and Pb; the tellurium less than 0.0001% Cu, Ag, As, 
Bi and Sb; and the sulfur less than 0.0001% Al and Fe, less than 
0.001% Mg and less than 0.01% As. The alloys obtained were 
subjected to prolonged annealing to bring them to the equilibrium 
state, The annealing temperature chosen was 530° for the alloys 
rich in bismuth telluride and 580° for the alloys containing more 


than 50 mole % BigSs. The alloys were hardened in air after an- 
nealing. 


The thermal analysis was carried out using an N. S. 
Kurnakov pyrometer, The standard used for the differential 
thermocouple consisted of a solid solution containing 80 mole % 
SnTe and 20 mole %GeTe. The liquidus was constructed from 
the results obtained by recording the cooling curves and the solid- 
us from the heating curves for the equilibrium alloys, The phase 
diagram for the Bi,Te, —Bi,S; system is given in Figure 2, The 
system shows one intermediate phase, which at 530° extends 
from the composition corresponding to the compound Bi,Te,S 
(33.3 mole % Bi,Ss) to 39 mole % BigSg, as shown by microstruc - 
tural analysis, This phase melts with an open maximum at a 
temperature of 625.5°. The composition of the maximum shows 
a slight deviation from the stoichiometric composition of the 
compound Bi,Te,S towards higher Bi,Sg concentrations, and, ac- 
cording to the thermal analysis data, corresponds to the composi- 
tion of an alloy with 35 mole %Bi,S3. The deviation of the 
maximum on the fusion diagram from the composition of the 
compound Bi,Te,S was confirmed by microstructural studies. A 
cast alloy corresponding in composition to the compound Bi,Te,S 
was found to contain two phases, The structure of this alloy 
consisted of the first-formed crystals of the phase lying in the 
central part of the system, and a eutectic formed by this phase 
with a solid solution based on the compound BiyTe,. After pro- 
longed annealing at 530°this alloy became single-phased, The 
solid solution based on the compound BigTe,S forms two eutectics: 
one with the solid solution based on bismuth telluride and one 
with bismuth sulfide, The first eutectic lies at a concentration 
of 6 mole % Bi,Ss and melts at a temperature of 581°; the second 
eutectic is very close to the single-phase region of the solid solu- 
tion based on the compound BiyTe,S, namely 40 mole % Bi,Sg, 
and melts at a temperature of 622°, The solid solution based on 


bismuth telluride extends to 4 mole %Bi,S, at 530°, The results of our studies therefore have not confirmed the 
formation of a solid solution between the compounds Bi,Te, and Bi,Te,S, as suggested by Harker [8]. 


No solid solution based on bismuth sulfide was detected, The alloys studied, however, extended only as far 
as a concentration of 98 mole %Bi,S,. This alloy, in both cast and annealed states, contained two phases, The 
first-formed crystals of the Bi,S, phase did not show dendrite liquation, which indicates either the absence or the 
presence in very low concentration of solid solution based on bismuth sulfide. 


Measurements were made of the electrical conductivity and thermo-emf 


of the alloys after annealing 


(Fig.3). In the solid solutions based on the compounds Bi,Te, and Bi,Te,S, the electrical conductivity decreases 


with increase in the bismuth sulfide concentration. The absolute value of the thermo-emf 
ponding increase, The solid solution based onthe compound Bi,Te, has the positive type of conductivity, and 
that based on the compound Bi,Te,S, the negative type. The decrease in the electrical conductivity and the 


shows a corres- 
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correspo.ding increase in the thermo~ emf _ with increase in the 
bismuth sulfide content of the solid solutions based on the compounds 
Bi,Te, and Bi,Te,S is apparently due to the decrease in the mobility 
of the current carriers when the composition of the alloys deviates 
from the stoichiometric composition, 


The curve showing the relationship between the microhardness 
io mole % of the alloys and their composition, given in Fig.4, also reveals the 
Bi,Tes Bi25, solid solution boundaries in the central part of the system, The alloy 
corresponding to the composition Bi,Te,S has a minimum hardness, 
which confirms the existence of the compound Bi,Te,S. 
3 . 


An x-ray structural analysis of the compound Bi,Te,S was 
carried out. 


The x-ray diagrams were recorded using a Debye — Scherrer camera with iron radiation, The values ob- 


tained for the lattice parameters a = 10.1 A and a = 24° 8", and the intensities of the lines show good agreement 
with the literature data for the mineral tetradymite [8]. 
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VACUUM GAS CHROMATOGRAPHY 
D.A. Vyakhirev and P. F. Komissarov* 


(Scientific Research Institute of Chemistry, N. I. Lobachevskii 
State University, Gor*kii) 


(Presented by Academician M. M. Dubinin, June 16, 1959), 


Published works on gas chromatography [1, 2] recommend that the gas outlet from the chromatographic 
column be connected to a vacuum to produce the pressure gradient necessary to overcome the resistance of the 
sorbent layer to the flow of carrier gas, and also (in the separation of high-boiling substances ) to prevent con- 
densation of the desorbed substances in the recording apparatus, The necessity to establish a pressure gradient 
across the ends of the column is very frequently encountered in distribution chromatography, which requires the 
use of long narrow columns and highly dispersed sorbents, The pressure difference is usually created by increas- 
ing the pressure of the carrier gas at the point of entry to the column, or, less frequently, at the outlet, In the 
works cited above, attention is paid to the necessity to introduce corrections for the change in retention volume 
caused by this pressure difference, as given by the formula of James and Martin [3], but no conclusions were 
reached regarding the influence of the absolute value of the pressure inside the column on the retention volume 
or on the height and width of the peak on the eluate curve, Our studies have shown that this influence may be 
considerable, and this may be regarded as an advantage, since a reduction in the pressure in the column leads 


to a marked reduction in the time required for the separation process, while at the same time the efficiency is 
increased, 


EXPERIMENTAL 


A constant temperature was maintained in the column (Fig. 1) by passing water from a thermostat 
through the surrounding jacket. The test gas was passed from a gas holder via the tap of the gas-measuring 
apparatus (4) into the spiral copper tube of the gas~measuring apparatus, whose volume had previously 
been accurately measured, and from there to a trap containing dry ice in acetone (not shown in Figure 1), The 
taps were then turned through 180° and the test sample taken to the column by the current of carrier gas (nitrogen) 
The gas-measuring apparatus was kept at the same temperature as the column by means of a thermostat, The 
rate of flow of the nitrogen at the inlet and outlet was established beforehand by means of the flow-meters shown, 
using a simple manostat and a specia] Cartesian manostat operating only at reduced pressures. The necessary 
pressure level in the column and the zero position of the recorder pen were established beforehand, As the test 
gas reached the column, the process of chromatogram development started, under the given experimental con- 
ditions of temperature, rate of nitrogen flow, pressure and volume of test gas sample: the chromatograms were 
reproduced on a recording potentiometer at different pressures inside the column, the other experimental para- 
meters remaining constant, The readings on the recorder were converted to concentrations by means of a cali- 
bration graph, 


RESULTS 


Figures 2 and 3 give the eluate curves obtained for n-butane at different pressures, with coordinates C, t 
and C, V, where C is the eluate concentration, t is the time and V is the volume of nitrogen passed through the 
column in time t. The constant parameters of the experiment are; adsorbent — eMSK silica gel, with particle 
diameter 0.25-0.5 mm; column 2+ 40 cm; rate of flow at outlet 20 ml/min; temperature of column and gas- 


*L.G. Levkov took part in the initial experimental work, 
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measuring apparatus (thermostat) 70 + 0.01° , and volume of butane sample passed to column from gas-measur- 
ing apparatus approximately 2 ml, Figures 2 and 3 show the considerable decrease in the time required for the 


butane to leave the column, and the increase in the eluate concentration as the pressure inside the column is 
decreased, 


test gas 


Fig. 1. Chromatographic apparatus for the elution analysis of gases at 
reduced pressures; 1, 1") flow-meters; 2,3) manometers; 4) gas-meas- 
uring apparatus bypass; 5) chromatographic column with surrounding 
jacket; 6) thermal conductivity recording apparatus, type GEUK -21; 


71) recording potentiometer, type KVT/1; 8) Cartesian manostat; 9) 
pressure bulb, 


A similar effect was obtained using a number of gaseous 
and liquid mixtures, 


Figure 4 gives the eluate curves for a mixture of n-butane 
and §6-~-butylene at reduced pressure and at atmospheric pressure 
inside the column, The parameters are the same as those of the 
experiments of Figures 2 and 3, The increase in the yield of ad- 

d sorbed material with decrease in the pressure has been explained 
by the resultant expansion of the carrier gas inside the column, 
fo 1 g@min and consequent increase in the rate of flow of the carrier gas 
pee through the sorbent layer, which can be observed directly from 
Fig. 2, The influence of decrease in the the increase in the readings on the flow-meter 1', which measures 
pressure inside the column on the n-butane the rate of flow inside the column (or at the outlet), 


output; coordinates C,t. a) P = 176 mm; 
b) 237 mm, c) 351 mm, 4) 768 mm. The measurement of this rate ay at different pressures 


inside the column P,, and constant rate of flow oy and pressure 
P, at the inlet showed that the quantities are inversely proportion- 
al to one another, as follows from the Boyle ~Mariotte law; 


(1) 


(2) 


It is known that the rate of movement of the adsorption zone is determined from the equation [7,8]: 
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where W is the rate of movement of the zone through the sorbent 
layer, I’ is the adsorption coefficient, L is the length of the layer, 
and t_ is the time taken for the zone to pass through the whole 
layer, i.e. the time of the experiment or the output time. 


Substituting in this equation the value of a” from formula 
(2), we find the output time t : 


TL 
1 Py. (4) 


The value of I is proportional to the retention volume 


Vmax’ 3% follows from equation (3): 
Aol V 
v ; 7 mi Figures 2 and 3 show, however, that the retention volume 


changes only very slightly with decrease in the pressure. As ex- 
pressure inside the column on the n-butane pected, therefore, the value of I is practically independent of 
output, coordinates C, V. Curve symbols the pressure, As a result, the term I L/K in equation (4) is 

dis sees 20 tee Fig.2. constant, and the output time t_ is directly proportional to the 
pressure Py. The eluate curves in Figure 2 also show that as the 
pressure in the column is decreased within the range 768-176 mm, 
the half-width of the butane peak AV, /, (at the half-height), 


Fig, 3. The influence of decrease in the 


OP mae expressed in volume units(AVy4 = ag At), remains practically 
P unchanged, whereas the eluate concentration Cy increases con- 
siderably. 


In view of the lack of experimental material, it is as yet 
difficult to give a sufficiently rigorous theoretical explanation 
46 of this phenomenon. The fact that the band width is constant is 
evidently related to the fact that the ratio of the lengthwise dif- 
fusion coefficient D to the rate of flow a, is constant [9] with 


> change in temperature within the range indicated, As far as the 
S ‘ 7 increase in the eluate concentration C; is concerned, we may 
(2) assume that since the half-width does not change, the increase 
in CG; does not result from compression of the chromatographic 
(i) zone, which is very sharp in the case of increase in the tempera- 
id ture, It is quite possible that the concentration increases as a 
result of decrease in the mole fraction of the carrier gas on 
(2) rarefaction at the moment when the adsorbed substance is de- 
ai sorbed from the column (see [4], p. 27). 
min 5 0 
Fig. 4, Eluate curves for a mixture of LITERATURE CITED 
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THE MECHANISM OF THE OXIDATION OF PROPYLENE 


TO ACROLEIN ON A CUPROUS OXIDE CATALYST 


O. V. Isaev, L. Ya. Margolis and I. S§. Sazonova 


(Institute of Physical Chemistry, USSR Academy of Sciences) 
(Presented by Academician P. A, Rebinder, June 19, 1959), 


In recent years the tracer-atom method has been used to examine the stepwise mechanism of certain re- 
actions involved in the catalytic oxidation of hydrocarbons [1], It has been shown that in the oxidation of 
ethylene to ethylene oxide on silver, and of propylene to aldehydes (acetaldehyde and formaldehyde) on vanad- 
ium pentoxide, the reactions involved in the formation of the aldehydes, ethylene oxide and carbon dioxide 
take place by independent simultaneous routes via unstable intermediate products. Acrolein is a more reactive 
compound than saturated aldehydes or ethylene oxide. Under oxidizing conditions, therefore, the acrolein can 
be readily oxidized and may play an important part in the formation of carbon dioxide. 


There are no papers in the literature devoted to the study of the mechanism of the oxidation of propylene 
to acrolein, We have earlier suggested that this reaction takes place by a parallel — successive mechanism, 
since this is indicated by the kinetic measurements [2], The aim of the present study was to establish the ac- 
curacy of this suggestion using a tracer-atom method, 


Propylene labeled with radiocarbon was prepared by dehydration of isopropyl alcohol on alumina at 400° 
with subsequent purification from traces of aldehydes, ethers and unreacted alcohol, The labeled propylene was 
mixed with acrolein, nitrogen and oxygen in the ratio 17% CsHg, 3.5-5% acrolein and 8.5% Op». 


02, vol, 


J 


40 20sec 


Fig. 1, Graphs showing how the CO, and 
acrolein concentrations in the gas (vol.%) 
vary with time of contact for the oxidation 
of a mixture of propylene, oxygen and 
nitrogen (at 396°): acrolein (1) and CO, 
(2) on catalyst containing 1.0% Cu on Sic; 
acrolein (3) and CO, (4) on a catalyst 
containing 0.1% Cu on SiC. 


The oxidation process was studied in a flow-through ap- 
paratus [2] at atmospheric pressure on two catalyst specimens 
(0.1% Cu on SiC and 1.0%Cu on SiC), The reaction products 
were analyzed to determine the acrolein concentration by the 
bromide — bromate method, and the propylene and carbon diox- 
ide contents using a VTI gas-analysis apparatus, The radioactiv- 
ity of the carbon dioxide and propylene oxidized to CO, was 
determined by measurements on the barium carbonate produced, 
using an end-face counter with mica window, while the radioac- 
tivity of the acrolein was determined by examining the precipitat- 
ed 2,4-dinitrophenylhydrazone, The specific activity (imp/min° 
* mg) of the precipitates was calculated, taking account of the 
self-absorption in the layer, from calibration curves for BaCOs 
and acrolein hydrazone, The specific activities of the acrolein 
hydrazones ( a" acr,) Were expressed in terms of the specific ac- 
tivity of the BaCOg using the relationship: aacr. = 
M hydrazone/SMpaco,' where M is the molecular weight, 


Figure 1 gives curves showing the yield of acrolein and 
carbon dioxide for different times of contact on catalysts contain- 
ing 0.1 and 1% copper on carborundum, obtained in the oxidation 
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of a mixture of the following composition; 17% CsH,g, 8.5% O, and 74,5% Np. 


Figure 1 shows that with increase in the contact time up to 2 seconds, the yields of acrolein and carbon 
dioxide increase simultaneously, which indicates that the reactions involved in their formation proceed in paral- 
lel, The relationship between the kinetic curves for the formation of acrolein and carbon dioxide depends on 
the composition of the catalyst: increase in the concentration of copper on the carrier leads to a decrease in the 


yield of acrolein, while the yield of carbon dioxide increases,indicating the further oxidation of acrolein to car- 
bon dioxide, 


Figure 2 gives the kinetic curves for the oxidation of a mixture of propylene, acrolein,oxygen and nitro- 
gen on the same catalyst specimens, As the time of contact increases, the acrolein concentration decreases, 
while the carbon dioxide concentration increases, In the oxidation of the propylene-acrolein mixture, increase 
in the concentration of copper on the carrier leads on the one hand to an increase in the yield of carbon dioxide 


(as in the case of the oxidation of pure propylene) but, on the other hand, has no influence on the rate of conver- 
sion of the acrolein, 


Figure 3 shows the relationship between the specific activities of acrolein 
and carbon dioxide and the time of contact on a catalyst containing 0.1% Cu on 
carborundum, The specific activities of the acrolein and CO, increase with in- 


6 J crease in the time of contact, The specific activity of the carbon dioxide is 
, greater than the corresponding value of the specific activity of the acrolein, but 
. less than that of the propylene (Fig.3). If the carbon dioxide and acrolein were 
2 . formed from propylene independently, then the specific activity of the CO, 
would be equal to that of the propylene, The intermediate value proves the 
"7 20 7 sec accuracy of the previously proposed parallel—-successive mechanism for the 


oxidation of propylene on Cu,O, The data given in Figure 3 also indicate that 


Fig.2. Graphs showing the successive process predominates over the parallel process, since 


how the concentrations of 
CO, and acrolein in the 


a a 
gas vary with change in C,H, co, 


the time of contact for the 
oxidation of a mixture of 
propylene, acrolein, oxygen 
and nitrogen (at 396°): 1) 
acrolein on a catalyst con- 
taining 0.1 and 1.0% Cu on 
SiC, 2) CO, on a catalyst 


%co, acr 


It was considered of interest to compare the rates of formation and decomposi - 
tion of acrolein during the process, For this purpose we used a kinetic isotope 

method [3] to calculate the rate of formation (W,) and decomposition (W,) of 

acrolein, and also the rates of formation of CO, from propylene (W,) and from 
acrolein (Ws) using the following equations: 


containing 0.1% Cu on SiC, 


3) CO, on a catalyst con- dtcuo (4,4, %,H,0) 

taining 10% Cu on Sic. [CsH,O} ‘ 
d [CsH,O} daco, (2¢,H,0 —Acq,) Ws Aco,) We 


Table 1 (Columns 5 and 6) gives the results of the calculation of the rates of formation and decomposition of 
acrolein, If the acrolein were only oxidized to CO, under the conditions of the process, then the rate of forma- 
tion of carbon dioxide from acrolein (Wg) should be equal to the rate of decomposition of the acrolein (W,).The 
data (Column 9) show that W,> Ws, _ so that the disappearance of the acrolein from the catalyst surface is not 
entirely the result of its subsequent oxidation to carbon dioxide, There are reports in the literature [4] on the 
adsorption of aldehydes and ethylene oxide on the surface of various oxidizing catalysts (silver and vanadium 
pentoxide) leading to the formation of an organic film which is slowly oxidized at the temperatures of the catal- 
ytic process, In addition, it has been shown by electron diffraction that a polymer film is formed on the surface 
of cuprous oxide catalyst during the adsorption of acrolein in the presence of oxygen. If a similar organic film 
is formed on the catalyst surface in the oxidation of the mixture (CgHg, CsH,O, O, and Ng) then it should be 
detectable by tracer-atom methods, We therefore carried out the following experiments, 
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Fig. 3, Relationship between the 
specific activities of acrolein (1) 
and carbon dioxide (2) and the 
time of contact on a catalyst con- 
taining 0.1% Cu on SiC. 


TABLE 1 


Fig.4, Diagram illustrating the 
oxidation of propylene on a 
copper catalyst, R represents the 
intermediate product, which was 
not isolated. 


Rates of the Different Reactions in the Oxidation of Propylene on a Copper Catalyst at 396° 


Time of contact 


Concentra 


yee la 


of orig. 
mixture 


tivities 


Specific ac~- 


Rates 


of conversion of propylene and 


acrolein in arbitrary units 


formation of 
acrolein,W, 


of 
We 


mp. 
from 


jacrdlein W3 


deco 
formation of 


|acrole 


formation of 


-Ws =Ws 
ratio of rates) 


forma 
organ 
2 


Catalyst containing 0.1% Cu 


320 
320 
320 


3°75 | 275 


320 


29 
39 
53 
65 


4 
7 
13 
24 


5 


Catalyst containing 1.0% Cuo 
320 
320 


35 6 8, 
42 | 10 4, 
320 55 5 2, 
68 1, 


320 20 


1. After the oxidation of the mixture of propylene (labeled with C*) acrolein, oxygen and nitrogen over 
a catalyst containing 1%Cu on SiC, air purified from CO, was passed through the apparatus at 400°, The car- 
bon dioxide formed as a result of the combustion of the organic film was converted to BaCO3. The specific 
activity of the CO, was equal to 35 imp/ min- mg, which is comparable to that of the acrolein obtained under 
the same conditions. 


2. A mixture of (inactive) acrolein and nitrogen was first passed over a catalyst (9.1% Cu on SiC) at 400°, 
after which a mixture of labeled propylene, oxygen and nitrogen was passed through at the same temperature 
for the same time of contact (2 seconds), The specific activity of the carbon dioxide amounted to 70 imp/min* 
+ mg. The organic layer formed on the catalyst surface in the adsorption of the acrolein has therefore taken part 
in the process of carbon dioxide formation, since otherwise its activity would be equal to that of the original 
propylene, i.e., 320 imp/ min + mg. 


The calculations (Table 1, Column 9) show that the organic film is more stable on the catalyst containing 
0.1% Cu on SiC than on the catalyst containing 1.0% Cu on SiC. This is in accordance with the experimental 


data; the increased yield of CO, on the catalyst containing 1% Cu is probably due to the subsequent oxidation 
of the organic film. 
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2,2 | 17,31 8,7 | 6,2 15,6 | 3,0 1,5 | 0,55 | 0,36 0,9 1,5 

333 | 17/3| 8:7] 3:5] 6.0 | 2:75 08) — 


The change in the relationship between the rate of formation of carbon dioxide from acrolein (Ws) and 
propylene (W,) with time of contact (Table 1, Column 10) indicates a difference in the laws governing the 
degree of oxidation of the propylene and acrolein, Increase in the concentration of copper in the carrier leads 
to an increase in the absolute rates of the reactions involving the formation of CO, from acrolein and propylene, 
but does not change their relative values, i.e.,the laws governing the oxidations are preserved, 


The present work using the traceratom method has thus confirmed the parallelsuccessive mechanism of 
the oxidation of propylene to acrolein, It has been shown that the catalyst surface (copper on carborundum) be- 
comes covered with an organic film formed chiefly from acrolein, With change in the conditions under which 
the process is carried out (composition of original mixture, nature of carrier, etc,)the ratio of the rates of the 
separate stages of the process may evidently also vary. 
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THE ELECTRON PARAMAGNETIC RESONANCE SPECTRA 
OF CERTAIN CATALYSTS AND CATALYST-~HYDROCARBON SYSTEMS, 


AND THE ACTION OF y -RADIATION ON THEM 


Yu. A. Kolbanovskii, I. M. Kustanovich, L. S. Polak 


and A. S. Shcherbakova 
(Institute for the Synthesis of Petroleum Chemicals, USSR Academy of Sciences) 


(Presented by Academician A. V. Topchiev, June 8, 1959) 


The study of the electron paramagnetic resonance (e.p.r.) spectra of catalysts and catalyst — hydrocarbon 
systems provides a new method for the examination of catalysts and the processes involved in chemisorption and 
catalysis, The results published here were obtained with the typical oxide catalysts used in the processes of 
cracking, dehydrogenation, hydrogenation, dehydrocyclization and desulfurization, and with representatives of 
the chief classes of hydrocarbon, The data obtained in the study of the effect of y -radiation forms part of 

our studies on the radiolysis of hydrocarbons in heterogeneous systems, 


EXPERIMENTAL METHOD 


1, The catalysts were: I) industrial chromatographic alumina; II) industria) spherical aluminosilicate 
cracking catalyst; IM) microspherical alumina ~ molybdenum oxide catalyst formed by mixing the gels, 
which were prepared separately [1] (composition: MoO, 10%, Al,O, 90%); IV) alumina — molyb- 
denum oxide catalyst prepared by impregnating catalyst I with ammonium molybdate followed by ignition in a 
current of air at 500° for 3 hours (composition: MoO 10%, Al,O, 90%); V) catalyst IV reduced with hydrogen 
at 450° for 1.5 hours; VI) industrial cobalt oxide — alumina~ molybdenum oxide catalyst (composition: CoO 5.5%, 
MoO 15.5%, Al,O, 79%); VIL) industrial alumina — chromic oxide catalyst promoted with potassium oxide (com- 
position: CrzO, 8%, KzO 2.0%, Al,O, 90%); VIII) industrial molybdenum disulfide (in tablet form). The catalysts 
were given a preliminary treatment at a pressure of 1-10“ mm mercury and t ~ 200°, until no more gas was 
evolved: this corresponds approximately to the treatment usually given. 


2. The hydrocarbons n-heptane, n-heptene-1, cyclohexane and benzene were purified, and their con- 
stants and spectra corresponded to the literature data, The hydrocarbons were freed from dissolved air [2] and 
were then transferred to an ampoule with the prepared catalyst. The ratio of the weight of hydrocarbon to the 
weight of catalyst lay between 0.15 and 0.2, 


3. The irradiation was carried out in Pyrex ampoules using Co™ sources with different dose rates, deter- 
mined by ferrous sulfate and cerium dosimetry. Dosimetry cannot be regarded as completely developed for 
heterogeneous systems in general, and for surfaces in particular, It is therefore impossible to give absolute 
values for the integral doses and radiochemical yields for these systems. The irradiation was carried out at +20°, 
and in a number of cases at -78 and -196°, 


4, The e.p.r. spectra were recorded on an apparatus giving direct absorption spectra. The apparatus 
operates in the 3 cm range and has a half-wave rectangular resonator of the reflection type. The maximum 
modulation depth was ~ 1000 gauss, so that wider signals were not recorded, The comparatively large particle 
size of the catalysts studied made it necessary to use ampoules with an outer diameter of 5 mm, which resulted 
in a sharp decrease in the sensitivity of the apparatus; the minimum detectable number of unpaired spins (US) 

in a volume of 0.15 cm filled with catalyst amounted to ~10'* at room temperature and ~ 10% when the resonator 
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and ampoules were cooled with liquid nitrogen, The signals corresponding to these and lower concentrations 
were not recorded and were noted as being weak, The width of the lines was measured with an error oft 3 
gauss, and the spectroscopic splitting factor g = + 0.002, The measurement of the number of US in the volume 
indicated (N) was carried out according to DFPG, with a probable relative error of +15%, The apparatus was 
graduated for each temperature at which the spectra were recorded, 


5. The procedure was as follows; the e.p.r. spectra of the catalyst was recorded before and after irradiation, 
after which the spectrogram of the catalyst and adsorbed hydrocarbon was recorded before and after irradiation, 
The spectra of all the specimens were recorded at two temperatures (+20° and -196°) and in some cases at -78°, 


EXPERIMENTAL RESULTS 


A B Catalyst I is the main component of most oxide 
A catalysts, and was therefore studied first, Nonirradiated 
a catalyst I, with or without any of the hydrocarbons, 
—— Zo gauss gives a weak signal at values of t, equal to +20° and 
Fig. 1. Fig. 2. 196°.* After irradiation with a dose of 9 Mr, the 


€.p.r. spectrum has the shape A (Fig.1) with factor 

g = 2.013, value ofAg = g - 2,0023 > 0, signal width 
AH = 71 gauss and N = 1.4 + 10"; when irradiated to- 
gether with the hydrocarbons (t;,, **= 20°) the catal- 


E yst gives the same signal (ts=+ 20° and -196°), When 
C catalyst I is irradiated together with n-heptane at ti, = 
A D ~196*, , the e.p.r. spectrum (t, = -196°) shows a signal 
corresponding in position, width and structure to that 
20 gauss 40 _gauss of the heptyl radical, but signal A is not detected. This 
Fig. 3. hepty! radical signal is characteristic for heterogeneous 


radiolysis at -196° [3] and disappears when the tempera - 
ture is raised. It is evidently related to the presence 

in the system of nonadsorbed hydrocarbon (Fig. 3), Signal D), Catalyst It behaves in the same way as catalyst I, 

as shown in studies with n-heptane and n-heptene-1 (signal of type A). 


Catalyst III, before irradiation with or without any of the hydrocarbons adsorbed on it, gives a weak signal, 
After irradiation, catalyst III gives an e.p.r. spectrum of type A. When the dose is increased from 6 to 120 Mr, 
no change in the intensity of the signal is observed. With the same irradiation, catalyst III with adsorbed heptane 
shows a spectrum (t, = +20° and -196°) (Fig.2) consisting of two signals: the one on the left is of type A (the char- 
acteristic signal of the catalyst itself) and the one on the right handis of type B, for which g = 1.964, Ag < 0 and 
4H = 121 gauss. The intensity of B increases with increase in the dose, but reaches saturation before 30 Mr (at 
N=1.1+10), The opened ampoules (catalyst III + n-heptane) after irradiation show a marked decrease in the 
intensity of both the left-hand and right-hand signals. When a sealed irradiated ampoule is heated to +200° 
(catalyst III + n-heptane), there is an irreversible increase in the intensity of the right-hand signal (t, = + 20° and 
-196°). 


Irradiation of catalyst IM + n-heptane at t,,,. = -196° gives an e.p.r, spectrum of type C (Figure 3). The 
signal D, as in the case of catalyst 1, corresponds to the heptyl radical. Signal C has g = 1.943,Ag < 0 and AH = 
110 gauss, Both signals disappear when the temperature is raised to -78°, Irradiation (tjyp, = +20°) of catalyst 
ill with n-heptene-1 and cyclohexane using a dose of 6 Mr gives an e.p.r. spectrum of type A and B at t, = 20°, 

At t, = -196°, this spectrum shows a decrease in the intensity of the right-hand signal relative to the left-hand signal, 
which remains unchanged, Irradiation of catalystIM with benzene using a dose of 6 Mr (tjpr, = +20°) gives an e.p.r. 
spectrum of the type A + B at t, = +20° and -196°, although B is very weak, Catalyst IV, with and without n-= 
heptane, before and after irradiation with a dose of 30 Mr at t;,, = +20°, gives the same e.p.r. spectrum as catal- 
yst III. Catalyst V, before irradiation at ts= + 20° and -196° gives a very wide(more then 1000 gauss)and intense sig - 
nal corresponding to the formation of a new phase.The adsorption of n-heptane suppresses this signal, Catalyst VI gives 
a wide weak signal in the e.p.r, spectrum before irradiation, at t, = +20° and -196°, Irradiation of catalyst VI 


r t, is the temperature of the specimen while the e,p.r. spectrum was being recorded, 
**tirr, is the irradiation temperature, 
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with a dose of 6 Mr (tj;,, = +20°) leads to the procuction of signal A. Catalyst VI, with any of the adsorbed hy- 
drocarbons, gives a weak signal before irradiation, and a signal of type A + B after irradiation; in this case B is 
weaker than in the case of catalyst II]. As in the case of catalyst III, there is an increase in the intensity of the 
right-hand signal when the dose is increased from 6 to 30 Mr. 


Before irradiation, catalyst VII at t, = +20° and -196° gives an e.p.r. spectrum of type D (Fig.3) with 
g = 1.975, Ag < 0 and AH = 70 gauss, Theadsorption of hydrocarbons does not change this picture, but in the 
case of n-heptene-1 the intensity of the signal increases appreciably, Irradiation of catalyst VII with a dose of 
9 Mr (typ, = +20°) leads to the appearance of a second signal A in the e.p.r. spectrum, Irradiation of catalyst VII 
with n-heptane, n-heptene~-1 or cyclohexane at tj;,, = + 20° using doses of 6 and 30 Mr leads to the appearance 
of two intense,incompletely resolved signals inthe e.p.r. spectrum (Fig.4, a), with g = 2.013 and 1.985, In the 
case of the adsorption of benzene, the intensity of these two signals decreases by approximately one order of 
magnitude, Irradiation of catalyst VII with n-heptane (tj; = -196°) using a dose of 30 Mr leads to the appearance 
of two incompletely resolved signals in the e.p.r. spectrum (t, = -196°) (Fig.4, b) with g = 2.007 and 1.991. When 
the temperature of this system is raised to -78°, the signals disappear, but the signal D corresponding to the non- 
irradiated specimen becomes quite distinct. 


a b 


Fig. 4. 


Catalyst VIII, with and without adsorbed hydrocarbons, before and after irradiation (tjy;, = +20°), gives a 
weak signal at ts = + 20°, Att, = -196°, before and after irradiation with any of the hydrocarbons, the spectrum 
illustrated in Fig. 4,c is obtained. For these signals g = 2.022 and Ag > 0 (left-hand signal) or g = 1.952 and 
Ag <0 (right-hand signal); N = 3.3°10'%, These signals are not observed at t, = -78°, either before or after 
irradiation, 


The adsorption of hydrocarbons on alumina and aluminosilicate catalyst is thus reflected only to a very 
slight extent in the e.p.r. spectrum, irrespective of the effects of radiation. It is interesting to note the rapid 
saturation (with respect to concentration) of the U S carriers during the irradiation of catalyst III (dose < 6 Mr) 
and the hydrocarbons adsorbed on it (dose < 30 Mr), which is not typical of the homogeneous radiolysis of hydro- 
carbons, On alumina~molybdenum oxide and alumina—chromic oxide catalysts with adsorbed hydrocarbons, 
irradiation brings about a sharp change in the appearance of the spectrum. The change in the concentration of 
US carriers with change in the temperature at which the system is heated shows the existence of activation bar- 
tiers, The most remarkable temperature effects are the absence of signal A when the catalysts are irradiated 
at tj, = -196° and the intense signals for the adsorption of all the hydrocarbons on nonirradiated MoS, at t, = 
-196° and the intense signals for the adsorption of all the hydrocarbons on nonirradiated MoS, at t, = -196°, 
but not at t, = -78°. Most of the e.p.r. spectra studied do not have a superfine structure, The latter is observed 
in the case of the irradiation of catalyst II with heptane and heptene, 
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THE ADHESION BETWEEN POLYMERS AND MODIFIED GLASS SURFACES 
IN RELATION TO THE CHARGE REVERSAL PHEOMENA OBSERVED 


ON SEPARATION® 


N. A. Krotova, L. P. Morozova, and Corresponding Member 


Acad, Sci. USSR B. V. Deryagin 


Institute of Physical Chemistry of the Academy of Sciences USSR 


In a previous communication [1] we noted that the charge of a polymer torn apart from a glass is reversed 
after the surface of the latter has been chemically modified. This phenomenon has a strong effect on the ad- 
hesion of polymers, while the charge reversal occurs in a region which corresponds to the minimum adhesive 
force, 


The purpose of this work was to carry out a more thorough and concurrent study of the mechanical and 
electrical adhesion characteristics after the chemical nature of the backing surface has been modified. The 
backing surface (glass) was treated with organosilicon compounds of the type (CHg)g-pSiCl,, where n = 1,2,3,4, 
The principal reagents used were: CHgSiCl, (methyltrichlorosilane), (CHg)gSiCl, (dimethyldichlorosilane} and 
(CHg)3SiC1 (trimethylchlorosilane), Before the treatment with alkylchlorosilanes the glass was purified by ex- 
posure to a glow discharge [2]. The glass thus treated becomes coated with a thin layer of organosilicon com- 
pound, while the HCl evolved during this treatment is removed from the surface by repeated washing and heat- 
ing at 100°. The glass was modified in such a way that within a series of surfaces thus treated the relative 
number of methyl groups on the surface increased, while the number of hydroxyls decreased, Each glass surface, 
after being treated in the above-described manner, was coated with a polymer film in the manner described in 
[3]; the following polymers were studied: cellulose esters (nitro-, benzyl-, and ethylcellulose), polyvinyl alcohol, 
gutta-percha, perchlorovinyl, and carboxylate rubbers, copolymers of BSR (Buna~-S rubber) with methacrylic,acid, 
with varying carboxyl group content. The polymers were purified by repeated reprecipitation, In each set of 
experiments the adhesive force between one of the above-listed polymers and a series of modified surfaces was 
studied, In this way the effects of shrinking stresses on the adhesion work were eliminated. Adhesion was deter- 
mined from the maximum tearing work at a high rate of tearing (v = 1 cm/sec), 


The experiments recorded distinct differences between the various polymers examined, While perchloro- 
vinyl, nitrocellulose, and ethylcellulose exhibit identical adhesive force with respect to a series of modified 
glasses, the other polymers studied by us exhibit a definite minimum on the glasses treated with dimethyldi- 
chlorosilane (Table 1), An aqueous solution of polyvinyl alcohol will readily wet glass surfaces purified in glow 
discharge, but over surfaces rendered hydrophobic it can only be spread mechanically, and with considerable 
effort. The force of adhesion, after the film of polyvinyl alcohol was dried, is less by 1-2 orders of magnitude 
than the force observed on clean glass , , 


In all the cases where the polymer was torn apart from clean glass the charge on the polymeric surface, 
_as determined by means of a vacuum-tube electrometer [4], was negative. When polymers like perchlorovinyl 
and nitrocellulose, which exhibit no sharp variations in the adhesion to a series of glasses treated with organo- 
silicon compounds, are torn apart from their respective backings, their charge sign remains the same, whereas 
other investigated polymers reverse their charge from negative to positive. 


* The glass surfaces were chemically modified by A. Ya. Korolev and co-workers in their laboratory. 
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TABLE 1 


Mechanical and Electrical Characteristics of Polymeric Adhesion on Modified Glass 
Surfaces 


Organosilicon com- Adhesive work — |Charge on the polymer 
pound used fortreat- |Ay at v= 1 cm/| after tearing 
Polymer ment of the backing |sec,(erg/cm* ) 
(glass) ; 
hylcellulose lean glass 2-108 Negative 
(CHs)2SiCle 4.10? 
(CHs)3SiCl 4-102 
Gutta~percha Clean glass 6,3-108 Negative 
CHgSiCl 9.104 
3-10? Positive 
(CHs)sSiCl 2,8-104 
Polyvinyl alcohol Clean glass 4-105 Negative 
4-108 Positive 
(CHs)2SiCle 28-10? 
(CHg)3SiCl 1,6-10¢ 
Perchloroviny] SiCl, 2-102 Negative 
CHgSiCls 1-102 
(CH)2SiCl, 4-402 
(CHs)sSiCl 1-40? 
Nitrocellulose CH,SiCls 8-10! Negative 
(CHa)2SiCl, 8-101 
(CHsg)sSiCl 8-101 = 


TABLE 2 


Molar Ratios between the Components of the Tetrachloro- 


silane — Alkylchlorosilane Mixtures Used for Treating the 
Glass Surfaces 


Sampe, 
No, |CH,sicI,| sich, No. CH,SiC!, (CH,), 
1 0,0 0,0 11 10,0 0,0 
2 0,75 9,25 12 8,0 2,0 
3 1,00 8,25 13 6,0 4,0 
4 2,9 7,9 14 5,0 5,0 
) 3 7 15 4,0 6,0 
6 3,79 6,25 16 3,0 tis 
7 4,9 9,0 7 2,0 8,0 
8 9,0 18 1,5 9,5 
9 7,9 2,9 19 1,0 9,0 
10 10,0 0,0 20 0,0 10,0 


In the experiments described in this work we examined the adhesion of polymers on five types of backing: 
glass treated with SiCl,, which introduced no new types of groups on the. backing surface, glass purified in glow 
discharge, and glass treated with the three above-described alkylchlorosilanes, 


It seemed also interesting to examine the variations in the adhesive forces, as a function of the chemical 
composition of surfaces which had been treated by various combinations of chloro-substituted silanes in such a 
manner that within any investigated series of modified surfaces the number of methyl groups increases monoton- 
ically. At the same time the study was confronted by the problem of finding the region in which the charge 
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Fig. 1. Adhesion between benzylcellulose 
and modified glass surfaces, I) Negative~- 
ly charged polymer film; IL) positively 
charged polymer film. 


Polymer (+) 
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“(CHy) (cH,), Sich (CH), Sick 
ratio between the components 
of the modifying mixture. 
Fig. 2, Adhesive force between BSR-30—- 
methacrylic acid (0.03%) copolymers 
and modified glass surfaces, 


between the two separated surfaces is reversed anu :inding if it corresponds to any sharp changes in the adhesive 
forces. In Table 2 we have listed the compositions of the mixtures used for preparing a series of modified glass 
surfaces in such a manner that the number of methyl groups steadily increased while the number of hydroxyl groups 
steadily decreased, We prepared a total of twenty different modified surfaces and studied the adhesion between 
them and three distinct polymers, all of which exhibited charge-transfer phenomena in our exploratory experi- 
ments; these were; benzylcellulose and two representative copolymers between BSR and methacrylic acid, in 
which the latter constituted 0.3% and 20% sespectively,of the total copolymer weight. 


Benzylcellulose gave the most interesting results; its ad- 


hesion towards a series of modified glasses (see Table 2, Nos,1~-4) 
sharply declined, over a range of values corresponding to a negative- 


ly charged polymer film (Fig. 1, I). In the region between samples 
4 and 6 the charge is reversed, while further on in region II the 
surface of the detached polymer film becomes positively charged, 


The adhesive force in region II changes smoothly, attaining a zero 


value on samples 13 and 14, then begins to increase relatively fast. 


Similar behavior was observed in the case of adhesion be- 
tween the BSR — methacrylic acid copolymer and modified glass 
(Fig. 2 and 3). Moreover,in this case the force of adhesion does 
not decrease to zero, but to a certain minimum value (710 erg/ 
/cnf in Fig.2 and 1780 erg/cm? in Fig.3). There is a corresponding 
decline in the adhesive force by 2 to 3 orders of magnitude from 
the force on glass treated with SiCl,, The region of negatively 
charged film covers the contacts with samples 1-10, while the 
positively charged film appears on samples 10-20, Thus, to re- 
verse the charge of the above-mentioned polymers one requires 
backings with a higher methyl-group content than in the case of 
benzylcellulose, The adhesive force (just as in the case of benzy)- 
cellulose ) rapidly declines and a minimum is observed near the 
region of charge reversal (samples 12-16), 


Hence, the following conclusions can be made concerning the 
adhesion properties of the polymers studied by us. Depending on 
the chemical composition of the surface the signs of the two de- 
tached surfaces will be reversed. When any one particular polymer 
is coated on a backing, then torn apart, one observes a region of 
minimum adhesion (between the two), which is near the region of 
charge reversal, and in some cases there may even arise a repul- 
sion, Consequently a direct relationship is established between the 
mechanical and electrical properties of adhesion. 


The fact that the observed properties became apparent as a 
result of chemical changes on the surface indicates the fundamental 
role of chemical factors in the formation of electrical double layers, 
Therefore, if, in accordance with the electrical adhesion theory,we 
assume that the charge on the surfaces torn apart is the resulting 
charge of the separated electrical double-layer backings, then the 
reversal in the charges of the separated surfaces seems to indicate 
a reversal in the charges of the static condenser. Consequently ,the 
untreated surface, which acts as an electron donor in the formation 
of a double layer, becomes an acceptor due to modification. This 
change occurs when a certain number of methyl groups become 
accumulated on the surface, or more precisely, when a certain ratio 
between the methy] and hydroxyl groups on the backing surface is 
attained, Most probably the charge on the contact surfaces (i.e., 
condenser backing) represents the statistical sum of the effects 
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Fig. 3. Adhesive forces between the copoly~- 


mer of BSR-30 with methacrylic acid (20%) 
and modified glass surfaces, 


resulting from the interaction between individual molecular 
groups on the adhering surfaces, When a film is deposited on 

a modified backing and an electrical double layer arises ,the 
surface charge density declines within the series to the point 
of charge reversal, after which point the donor-surface be- 
comes an acceptor-surface and the double-layer formation on 
members of the series becomes a qualitatively different process. 


In concluding,the authors wish to express their gratitude 
to A, Ya. Korolev , in whose laboratory the glass surfaces were 
modified. 
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THE THEORY OF STATIONARY COMBUSTION IN POWDERS 


A. G. Merzhanoy and F. I. Dubovitskii 


Institute of Chemical Physics of the Academy of Sciences USSR 
(Presented by Academician N. N. Semenoy, June 13, 1959) 


According to the theory of Ya. B. Zel"dovich [1], the combustion of solid powders is accompanied by 
endothermic or slightly exothermic reactions, the products of which burn in the gas phase evolving the main 
amount of heat produced, The gas-phase reaction is responsible for,and determines,the course of combustion, 
Variations in the amount of heat conducted to the powder surface affect the evaporation rate and control the 


rate of the gas-phase reaction, Zel'dovich set up a mathematical equation for the rate of combustion as a 
function of the gas-phase parameters, 


In the present work the combustion of powders is examined from the standpoint of processes taking place 
in the solid phase, and equations are derived connecting the temperature gradient in the powder and the com- 


bustion rate to the thermokinetic characteristics of solid-phase reactions and to the thermal flux from the gas 
phase, 


Designations; T = temperature, T, = temperature on the surface of the burning powder; Tp) = temperature 
away from the combustion zone; x = coordinates of distance (cm); x, = width of the chemical reaction zone 
(cm); x, = thickness of the hot layer (cm); u = combustion rate (cm/sec); q= thermal flux ( cal/ cm? *sec); Q,= 
heat content (cal/cm?); p= pressure (kg/cm?); a = temperature coefficient (cm?/sec); c = specific heat 
(cal/ g + deg); p = density (g/cm); 2 = thermal conductivity (cal/cm -sec -deg); Q = heat of the solid phase 


reactions (cal/cm®); kp = frequency factor (sec); E = activation energy (cal/ mole); @ = reduced temperature; 
€ = reduced coordinate; w = reduced combustion rate, 


The most important and general assumptions made in deriving the equations were; that the reactions are 


exothermic* (Q > 0) and that the reaction rate w = ky e-E/RT_ The specificity of solid-phase processes was 
neglected, 


The starting system of equations, with the usual combustion theory approximations, looks as follows; 


Q Roe — E/RT = 0, 


2T dT 


wo 
u) dx 
0 


with the boundary conditions; x = 0,T = T,; xX = ©, T = To. 


Equation (1) is a thermal conductivity equation in which the source of heat is continuously distributed 
and the coordinate system is with reference to the solid phase (Fig. 1). The combustion rate in this equation 


An experimental investigation, carried out by Pokhil [2], showed that the overall processes taking place in the 
solid phase of a burning powder are exothermic- 


Be 
(1) 
2 
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by Frank-Kamenetskii 


appears as a constant, Equation (2) relates the combustion rate (rate at which the 
solid phase is consumed) to the temperature gradient in the powder, Equations 

(1) and (2) are solved in the following manner, From Equation (1) the tempera- 
ture gradient T(x,u) is determined and substituted in Eq. (2). In order to solve 
Equation (2) for u,one has to solve a system of integral equations, which will 
give the desired combustion rates as a function of parameters determined by the 
type of system and boundary conditions, The first solution of the thermal conduc - 
tivity equation, with Equation (2) and boundary conditions considered, 


q, + Qu =cpu(T, —T>) (3) 


represents the net heat content of the solid phase and relates the thermal flux and 
the combustion rate to the surface temperature, Equation (3) can be used to find 
out what fraction of the heat used for heating the cold layers of the powder is 
liberated from the solid phase: 


Q 


“= 


Equations (1) and (2) are conveniently transformed into a dimensionless form *: 


w? = dé; (6) 
T= 


The solution of this system of equations has the general form: 


1 


We can get an approximate solution by neglecting (see Ya. B. Zel'dovich [4] ) the heat used for heating 
the powder in the reaction zone, i.e., by assuming that all the heat evolved in the reaction zone is conducted 


The approximate system of equations: 


~ 
a0 1 ()- — 0(E, @) 
rie yo? 0; = \ dt 
0 
d0 1 
ai 
E 0, 0, dé 0 1 


*In the transformation into dimensionless variables we used the series expansion of exponential functions developed 
[3] while the boundary condition for oo was replaced by an appropriate equation [3]. 
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or in dimensional variables; 


is solved analytically, and the expression for the ‘a.e assumes the simple form: 


== 


u? == akye 


the form: 
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Fig. 2. The fundamental combustion charac- 
teristics of a pyroxylene powder as a function of 


Vb-+Vb 
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(Leipunskii’s equation, [5]) 


Using this approximation it is also possible to estimate the width of the chemical reaction zone*: 


Essentially, the heat content and the thickness of the hot layer are related by a Michelson distribution, and have 


TABLE 1 
© 
Numerical in- 
tegration 0,362] 0,135) 1,045} 2,28 
Approximate 
calculation 0,329] 0,114) 1,0 1,0 
Deviation, 
in 9,1 115,5 14,3 | 21,8 


As may be seen in Table 1 the approximate equations are entirely satisfactory, 


In order to verify our approximate equations we numerically integrated Equations (5) - (6) (substituting 
large parameters 1/y = 15.5; 9 = 17.0), The calculated results are presented in Table 1. 


*By the term “width” we mean the distance across which the chemical reaction rate declines by a factor 


(1) 

(8) 

9), 

Vb 

2 4\2 

uQ 

—T) 

=1. (11) 


It is interesting to note that for the limiting case yoo, where the amount of heat produced in the solid 
phase can be neglected in comparison with the heat absorbed from the gas phase, Equations (5) - (6) have an 
analytical solution, and the rate expression becomes: 


where Ei(@,) = \ — dx is an exponential integral function. 
~—0o 


TABLE 2 


u,cm/ 
sec, 


cal/cm?. 


From the derived Equations (3), (4), (8) - (11) we obtained numerical solutions for pyroxylene powder, 
The initial values used in our calculations were: a = 1-10°8 cm*/sec; c = 0.35 cal/g + deg; p = 1.6 g/cm’, 


Q/p= 80 cal/g (2}; kp = 10° sec™* and E = 44600 cal/mole (Samsonov's values for pyroxylene No.1 [6]), 
To = 20", 


The calculated results are presented in Fig, 2 and partially in Table. 2, Due to a lack of satisfactory 
values for the heat evolution kinetics and for the function Q (P), these results have to be considered solely as 
rough approximations, 
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THE THEORY OF LOW-PRESSURE DECOMPOSITION OF 


OF NITROUS OXIDE 


E. E. Nikitin 


Institute of Chemical Physics of the Academy of Sciences USSR 


(Presented by Academician V. N. Kondrat*ev, June 15, 1959) 


The thermal decomposition of nitrous oxide constitutes one of the most thoroughly investigated reactions, 
and many papers have been devoted to its examination (see for example [1]). Recently Gill and Laidler [2], have 
attempted to calculate the rate constants for the decomposition of NO from the standpoint of the Cassell-Slater 
theory on the basis of the available experimental data, and concluded that at low pressures this constant may be 
computed from the Cassell equation by assuming two effective degrees of freedom,and that deformation vibrations 
do not contribute to the decomposition rate constant k, This interpretation of the decomposition does not take 
into account, however, the following two facts. 


First, according to Kassel's theory, only the degrees of freedom with the energy exchange time much 
smaller than the time interval between successive molecular collisions, T) = 1/Z (Z is the number of molecular 
collisions per unit time), will affect the dissociation, It can be easily demonstrated that in the case of N,O de- 
composition,the condition T <<rg holds for all the degrees of freedom. In fact, the bimolecular decomposition 
kinetics were studied under pressures of p * 10? mm [2,3]; under these conditions Z = 10° sec’, The maximum 
value of Tt can be approximated by analyzing the energy exchange between the normal vibrations of NO mol- 
ecules, The exchange rate is proportional to the coefficient of vibrationa!anharmonicity and is determined from 
the parameters for the triple interaction between bonds and angles in the series expansion of the potential energy 
(with reference to the real coordinates), We can, therefore, write 1/t wy where w is the vibrational frequen- 
cy and_ y the coefficient of anharmonicity, The value of y can be determined by two methods; either from the 
ratio between the overtones and the fundamental frequencies, or from the relative frequency shift of the first 
vibrational transition relative to the frequency of small (purely harmonic) vibrations, As is well known, the 
relative intensity of the overtones is about 107? [4]; the relative frequency shift gives the same value, The 
latter can be obtained, for example, from analysis of the CO, molecular spectrum [5], the electronic structure 
and the fundamental frequencies of which are very similar to the structure and frequencies of N,O. If we accept 
the value of y given above and assume an w = 10 sec4, then we will get a_T of the order of 10-™ sec. Thus 
the condition that T <<T»_ is fulfilled. Since the relative importance of anharmonicity increases with increas~- 
ing vibrational energy, for the case under consideration (a vibrationally excited molecule), this inequality will 
become greater, Consequently, within the framework of Kassel's theory, one should take into account four 
instead of two vibrational degrees of freedom, 


Second, the decomposition rate at low pressures depends on the activation rate, i.e., on the vibrational 
excitation rate of the decomposing molecules near the dissociation boundaries, Kassel's theory assumes that this 
rate is equal to the collision frequency Z. According to the collision theory such a large excitation effectiveness 
could only be explained by assuming that the vibrational quanta near the dissociation boundary are small and 
that the collisions are nonadiabatic [6]. This, however, is not the case in the thermal decomposition of N,O, 
because the process involves a change in the multiplicity: 


(#2) NzO —> 4- O(*P). (1) 


The point of intersection between the singlet, 1Z, and triplet, 32, potential curves, which defines the 
activation energy (Eg,_ = 60 kcal/mole), falls where the lower potential curve changes its direction abruptly,so 
that the vibrational quanta are not appreciably reduced near the dissociation boundary. If the molecule N,O is 
to decompose, its total vibrational energy must exceed the activation energy, E,,,3 at the same time the decom- 
position will occur within a time interval 1/wP, where P denotes the probability of a singlet->triplet transition. 
The probability P, determined from the experimental rate constants for the monomolecular decomposition of 
N,O, is of the order of 10 to 1077 [2]. Since the minimum amount of energy, AE, which can be transferred 
during a collision should be close to the quanta of deformation vibrations (~600 cm “ly, then according to the 


general collision theory the effectiveness of vibrational excitation should be smaller than Z by several orders of 
magnitude [7]. 


The above-noted features of the decomposition theory can be taken into account simultaneously if we 
apply the variation of the bimolecular decomposition theory in which a perturbed Boltzman distribution is as- 
sumed [6], According to the results reported in [6] the decomposition rate constant depends on the value of 
Ho =o ( AE), averaged over all the vibrational and electronic states of the dissociating molecule, The rate 
constant for the decomposition of a nonrotating diatomic molecule can be calculated from the equation: 


4 m—1 4 
bo = Z/) oo Panta |, (2) 


n=0 


where xn! ) is the normalized equilibrium vibrational distribution function, Pp, , 43 the probability of a one- 


quantum vibrational excitation, and P i. the probability of transitions into the dissociated state. Equation (2), 
which was derived for diatomic molecules, can be extended to polyatomic molecules, To do this, one simply 
has to consider the increased vibrational] statistical weight, gyjp. of all the energy levels with E ~Eg,4. This 

is easily accomplished if we remember that the dissociation occurs as a result of antisymmetric vibrations, Ws, 

of the N,O molecule (since the N,O molecule is not symmetrical, the term antisymmetric vibrations simply means 
that the displacements of the nitrogen and oxygen atoms from the equilibrium position are out of phase), The 


remaining vibrations (symmetrical bond vibration wy and two deformation vibrations w,) act as an energy pool, 
Hence we find that 


(Fact / hw ) / Q 3! ’ (3) 


where Q is the sum of all the energy states in three oscillators, one with a frequency w, and two with doubly de~ 
generate frequencies w,. If we assume that w, = we, then we will get a well-known expression for the degree of 
degeneracy of a E = Eacr level in a system composed of four harmonic oscillators, Equation (3) is only an ap - 
proximation, since it does not take into account the decrease in frequency caused by anharmonicity, The prob- 
able error resulting from this omission may increase g,,, by a factor of 2-3, 


In our case the transition into a dissociated state corresponds to a transition from a group of uppermost 
layers, which are located below the intersection point of the singlet and triplet potential curves, into the nearest 
layers just above this intersection point, Let us denote the probability of such a transition by P( AE). Since the 
excitation energy AE, which denotes an energy difference between two groups of closely packed levels, changes 
very little near the dissociation boundary, while the function 1/ x (0) rapidly decreases with decreasing energy, 
the substitution Pan 41 = Pa =P (AE) is permissible in summation (2); this yields the equation: 


tho = Ze P (AE) exp (— RT). (4) 


When this expression is averaged over the rotational and electronic states, two additional coefficients, 
Zrot 4nd ge], appear, A simple calculation, similar to that shown in [6], gives grot = 2. As far as g., is con- 
cerned, it was found that the electronic state 1pt of the N,O molecule, spectroscopically combined with the 
ground state, lies above the dissociation boundary (~3000A). On the basis of qualitative graphs, plotted by 
Walsh [8], one can conclude that there also exist terms 4Ay and ino between the ground state 1y* and 1p, 
so that the possible value of g.; is in the range of 1-3, Substituting into Eq. (4): grot = 2+ Se] = 1, Eact = 60 
kcal/ mole, T= 888° K, Z = 2+ 10 cm'/mole « sec, wy = 1284 em} W, = 588 em~, and W, = 2238 cm”, we 
get 
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k= P (AE) - 2-104 cm’/mole sec, (5) 


The probability of the vibrational excitation P (AE) can be calculated from the Schwartz-Herzfeld equation 
(7): 


P (AE) = | (aAq)nt? |? (RAE /€,)? exp [— 3x — AE / 2kT), 
(AE)? / 4egkT]", = / 2m. 


Here Aq denotes the vibration amplitude, a”! the range of exchange forces, m the reduced mass of two collid- 
ing molecules, In our case, the vibration amplitude of the vibrationally excited molecule is approximately equal 
to the radius in which exchange forces operate, and hence we assume that (a Aq)n 1s 1. For a,we will pick its 
usual value in the expression a? = 5+°10%cm-!, Since the probability P(AE) rapidly decreases with increasing 
transition energies (AE), its value will be determined by the smallest quantum, We should, therefore, only con- 
sider the deformation vibration frequencies, taking into account the anharmonicity produced before dissociation. 
The appropriate calculations yield AE * 550 cm™, Substituting these parameters into Eq. (6) we get: 


P (AE) = 4-10, (7) 
so that we finally get the decomposition rate constant: 


(6) 


= 10 cm'/mole sec. (8) 


The value of k obtained by Gill and Laidler [2], who extrapolated the experimental data to zero pressure 
(at the same temperature,T =888°K), is: 


k, 14 cm’/mole - sec. (9) 


It is obvious that thesatisfactory agreement obtained between the calculated and experimental rate con - 
stants is only true within the accuracy of an order of magnitude, It is essential, however, to note that if the 
deformation vibrations are not taken into account at all, but the small effectiveness of vibrational excitation 
is considered, the calculated decomposition rate constants are smaller than the experimental by two to three 
orders of magnitude, 


The basic conclusions of this work can also be extended to nonadiabatic decompositions of other mole- 
cules; the rates of nonadiabatic thermal decompositions of molecules, which in the case of monomolecular de- 
compositions depend on the transition rate from one potential curve to another and are accompanied by a change 
in multiplicity,will be limited by the vibrational activation rates in the case of bimolecular decompositions,The 
latter fact is connected with the relatively large values of the vibrational quanta near the intersection point of 
two potential curves with varying multiplicities, 


We wish to express our gratitude to Prof. N. D. Sokolov for a discussion of this work. 
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THE EFFECT OF ULTRASONIC VIBRATIONS ON THE ABSORPTION 
OF CARBON DIOXIDE BY WATER 


V. Yu. Orlov and Corr. Member Acad, Sci. USSR 
N. M. Zhavoronkovy 


L. Ya. Karpov Physicochemical Scientific Research Institute 


In studying the effects of ultrasonic vibrations on absorption it is important to select conditions where the 
rate-determining step is the diffusion into the liquid phase, In this work we studied the effect of ultrasonic 
vibrations on the absorption (solution) rate of carbon dioxide in water; as is well known, in this case the mass 
transport depends on the drag in solution [1]. 


discharge 


water 


discharge 


discharge 
Fig. 1. Experimental set-up, 


Preliminary experiments were carried out in a beaker which was filled with water and exposed to pure CO,; 
ultrasonic vibrations with a frequency of 800 kcycles/sec and an intensity of several watts per cm? were intro- 
duced through the bottom of the beaker. It was found that ultrasonic vibrations (which produced a water spout) 
increased the absorption rate by a factor of 100, as compared to the usual diffusion rate, and by one order of 
magnitude in comparison with the absorption rate observed when a four-blade stirrer was used at 800-1800 rpm. 
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Such an increase in the absorption rate could be attributed to a 
greatly increased area of phase contact, with the contact rapidly 
renewed due to the formation of spray and mist, and also due to 

the vigorots stirring of the solution. It should be noted that de- 
spite strong cavitation,no degassing of solution was observed; within 
several minutes after the beginning of the experiment the concentra- 
tion of CO, in water attained its equilibrium value for the given 
temperature, 


The experiments* designed to study the continuous absorp - 
tion of CO, were carried out in two medium-size ultrasonic film 
columns, using open barium titanate cylinders as emitters, 


The use of radially (across the wall thickness) polarized 
barium titanate cylinders is particularly suited to this experiment, 
since, first of all, the emitter itself can be used as a film absorp- 
tion column, and second, each emitter has two characteristic 
vibration frequencies (perpendicular to the line of film flow) — 
one across the wall width, another around the circumference.T his 
makes it possible to study the effect of ultrasonic frequencies on 
absorption, without changing any other conditions, 


The apparatus is shown diagramatically in Fig. 1. Column 1 
is supplied with a high-frequency voltage from the generator UZG; 
the oscillograph EO-7 and generator GSS-6 permit a determina- 
tion of the vibrational frequency. Conductivity water is passed 
through thermostat 2, manostat 3, rheometer 4, and trap 5 into the 


Fig. 2. Design of the ultrasonic upper end of the column, a large portion of the water running out 
column: 1) barium titanate cy- of the column passes through receiver 6, from which 50 ml sam- 
linders; 2) plexiglas flanges; 3) ples are removed for analysis. The temperatures t, and t,, at the 
springs; 4) rubber washers; 5) entrance and the exit of the column, respectively, are measured 
glass jacket; 6) a mesh to en- with thermometers 7 and 8, respectively; the intensity of ultra- 
sure an even distribution of the sonic vibrations can be estimated from the difference between \ 
film. and &. 


Carbon dioxide, the delivery of which is regulated by manostat 9 and measured by rheometer 10, is fed 
into the column from below through tube 11 and emerges above through a narrow opening left for the grounding 
wire; seal 12 helps maintain a slightly positive pressure, The cylinders are cooled externally with air; the 
latter is passed through trap 13, which is submerged in liquid air, and through jacket 14, and consequently,there 
is no need to apply a polarizing voltage to the barium titanate. 


A detailed drawing of one of the columns is shown in Fig. 2. The cylinders (1) are compressed between 
the flanges (2) by means of springs (3), The net (6) distributes the liquid evenly over the entire wetted surface. 
The column characteristics are listed in Table 1. 


Generators GU-3 and RFT~-602 were used to induce vibrations in the cylinders. A high frequency, 150 


volt, current was superimposed on each emitter; the ultrasonic waves penetrating into the columns and the film 


had an intensity of several watts per cm”, The intensity was calculated from the equation: 


“emit 


where Vis the volume of water wetting the column, Since the cylinders were not maintained sufficiently cold, 
the resulting values of I might be slightly too high. The mass transport in our columns, in the absence of ultra - 
sonic vibrations and under a series of temperatures and water flow rates corresponding to our experimental 


*R. A. Ivanova participated in these experiments. 
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conditions (Table 3), was calculated by the method developed by Higbie [2]. The relative concentration of the 
dissolved gas in the water which had run down the column is: 


C/Cog= 2008/0 V Dir, 


TABLE 1 TABLE 2 


Some Dimensions and Properties of Ultrasonic Column 1, 


1 h - 14cm 
Columns 53 cm"? 


Column c/ 
Ceq,” 


Column characteristics 


Barium titanate cylinders’ 9 
The of two NOS, 1,2 
ers 153,4 
lidmetermm. 30,0 
ntern eter,mm, 2,2 23,0 
nternal surface of 2 = 560 ml/min 
emitters Semit. 444 cm = 1,29 cm/sec 
Cylinder surface Silvered |Silvered, 
covered 13 8 0,31 
with glass ny 0°28 
Electrode contacts Locked |Soldered 0,27 
Vibration frequency f 
transverse),kcs, f 800 780 
Vibration frequency d 
(diametrical), kes. 


where C is the concentration of CO», Cog the equilib- 
*Cylinders rium concentration at the given temperature, the ab- 
State Inetinwe, and sorption surface, D the diffusion coefficient for CO, in 
4 the he Acad: water, andt the duration of absorption, The calculated 
Sci. USSR. results are valid if the condition: 


Dh/ws <0,02, 


is fulfilled [3]; this condition was satisfied for all the calculated points, In this equation h_ is the height of the 
absorption column, w the wetting density per unit circumference length, and 6 the thickness of the film. 


The variationof C/eq with temperature can be described by an equation of the type C/ Ceg = a (1+0.02t), 
as seen in Table 2, Thus, the absorption of CO, is increased by about 2% for an increase of one degree centigrade, 
Our experimental values of C/ Ceq are in good agreement with the calculated, 


Our experimental conditions are presented in Table 3, Introduction of ultrasonic vibrations produced a 
substantial change in the flow pattern of the liquid in the column, Whereas in the absence of ultrasonic vibrations 
the water runs down as a smooth (or occasionally slightly rippled) film, in the presence of ultrasonic vibrations 
there arises a system of glittering, transverse, standing waves, In experiments carried out using column 1 the 
waves were usually circumferential and regularly spaced at 3 mm intervals atan800 kes frequency, or at 1 cm 
intervals at a 100 kes frequency, Experiments carried out in column 2 gave short, irregular, rippled waves at both 
frequencies, When a 50 kes frequency was used, there also appeared cavitation of the film in the form of two 
bonds facing towards the middle of the cylinder (lengthwise), The band width extended over 20 to 100% of the 
cylinder height, depending on the intensity of ultrasonic vibrations, A small amount of spray, which was formed 
at this frequency, also enabled us to observe the standing waves in the gas phase, since the spray particles were 
retained within vibrational angles in the form of three concentric rings (in one plane) around the cylinder axis. 


In Fig. 3 we have plotted the increase of the relative concentration of CO, in water as a function of ultra - 
sonic vibration frequency, The coordinate is in units of; 


(C/C eq)usv 


(C/Ceg)no ‘usy 


Column 2, 
h=16 cm, per 
2 
Ceq sec |Veq,” 
1 
ml/min = 500 milf ain 
w= cm/sec. w = 1,15 om? / 


TABLE 3 
Experimental Conditions, 


Cd 


water,v,ml 
min, 


density 
sec, 
of enter-4 


Ww 
p. 


cS, 
Flow rate 
Max.temp.drop 


Column No. 
Experiment No, 
Frequency, f, 
Wettin 

Tem 

ng water & 
Max.increase 
of relative 
conc.,Qmax: 


i 


oo 


1 
Column Ii 


Fig. 3. Increased absorption rate 
resulting from ultrasonic vibra- 
tions~column No.2, 


I 
2 watts/cm? 


tom woo tor 


Doe cote 


PANO 


toy 
eq 
The maximum values of Q attained in each experiment are also listed in Table 3. As may be seen from the 
Figure and the Table, the absorption rate is considerably increased by ultrasonic vibrations. The frequency of 
50 kes was most effective. With an intensity of 1-2 watt/ cm? the relative concentration increased almost four 
times; the same intensity at 800 kcs gave only 2 to 2.5-fold increase, The effects of 100 kcs vibrations were 
no different from the 800 kcs. 


The equilibrium concentration C was chosen as that at the average column temperature 


On the basis of visual observations, it seems that the increased interphase contact area, resulting from 
the wave formation, was not large enough to account for the observed increase in the absorption rate, The 
calculations shown above indicate that any increase in the mass transfer on account of the temperature rise 
(caused by ultrasonic vibrations) was also insignificant. For example, in experiment No.3 this factor could 
only account for a 16% increase in C/ Ceq ~ the observed amount is 160%, It seems that the increased absorp- 
tion rate was mainly connected with the film turbulence caused by ultrasonic vibrations; evidently, at 50 kcs 
the turbulence was also helped by cavitation. 


Unfortunately, when the ultrasonic vibration intensity was increased above 2-3 watt/ cm’, the film of 
the thickness used in our experiments usually dried out partially, with dry spots appearing on the column surface, 
This phenomenon arose not only due to the increased heating of the cylinders, but also on account of a less 
uniform distribution of the liquid along the circumference of the tube, also caused by ultrasonic vibrations, 


In concluding the authors wish to express their gratitude to B. I . Konobeev for a discussion of this work. 
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DETERMINATION OF “UNPERTURBED"* MACROMOLECULAR 
DIMENSIONS IN GOOD SOLVENTS 


O. B. Ptitsyn 


Institute of High-Molecular Compounds of the Academy of Sciences 


(Presented by Academician V.,A. Kargin, June 11, 1959) 


As is well known , by studying the dimensions of polymeric molecules in solution one can get some idea 
about their chain flexibility and stereochemical configuration [1-5]. To do this, however, it is necessary to carry 
out the measurements at Flory's © -temperature [2], temperature at which the solution behaves ideally, or, in 
other words, under conditions where the second virial coefficient A, in the series expansion of the osmotic pres- 
sure (with concentration as the variable) is zero, In good solvents the macromolecular dimensions depend to a 
large extent on higher order interactions between chain segments and between chains and solvent molecules, 
Current theories of higher-order interactions have established a relationship between the “swelling coefficient” 

of a macromolecule which is transferred from the 6 -point to a good solvent and the thermodynamic physical 
constants characterizing the corresponding polymer — solvent system [6]. 


Since the second virial coefficient can also be expressed in terms of these thermodynamic constants, it is 
possible to derive a theory which would interconnect the macromolecular dimensions in a given solvent, the 
second virial coefficient, and the molecular weight of the polymer, with the macromolecular dimensions (un- 
perturbed by higher-order interactions [6]) in the 6 -solvent. Such a theory would permit the determination of 
unperturbed macromolecular dimensions by means of experiments carried out in good solvents, without resorting 
to measurements at the 9 -point. This would be particularly important in the case of crystallizable polymers, 
the solutions of which are metastable with respect to the crystalline state at temperatures below their melting 
point, since in transition to poorer solvents the polymer precipitates before point-@ is attained (in case the latter 
lies below the melting point), Hence, for polymers with a regular structure, and other polymers with a high melt- 
ing point, the 6 -point measurements have to be carried out at high temperatures, which obviously presents con- 
siderable experimental difficulties, 


The theoretical treatment of the second virial coefficient developed by Flory, Krigbaum, and Orofino 
[2,6,7] does not provide a satisfactory agreement with the experimental data, particularly in poor solvents, near 
the 6 -point, The improved theory of Az, developed by Casassa and Markovitz [8], gives a good agreement with 
the experimental data in the vicinity of the @ - point, but in good solvents it yields values of A, which are sub- 
stantially different from the experimental ones, Recently.the author and Yu, E. Eizner [9], by working within 

the framework of the Casassa-Markovitz theory and calculating more rigorously the effects of intermolecular 
forces on Ag, have obtained results which agreed well (in the range of experimental errors) with the experiment- 
al data in both poor and good solvents. This justifies the use of the Ptitsyn-Eizner theory for the determination 

of unperturbed macromolecular dimensions from their dimensions in good solvents, Az, and their molecular weight. 


This theory may be formulated as follows: 


A, = (a), (1) 


a 
=. 
: 
we 
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where R ® is the mean square radius of inertia of the molecule, M the molecular weight,a = (R? / R»)'" (R? is the 
mean-square radius of inertia of the chain at the 9 -point). 


1 —5,682]a° 
ou), 


while z and are related to through the equations 1+ 2.93 * = 1.04z and 
ot eff eff eff 

of — of = (42/3) (o8/ o eff ) (9, 10]. In Fig. 1 we have plotted the ¥ () function given in Eq. 2, As was shown 

elsewhere [9], the experimental points fall pretty well along the curve drawn in Fig, 1. 


Having determined (from light scattering or hydrodynamic 
properties) the R® of the macromolecule in any solvent, and 
J using known values of A, and M, we can calculate ¥ (a) from 


: C00) Equation (1); subsequently by using the curve shown in Fig.1 
le we can determine a and R }/, = (R*) /2/q (the unperturbed 
at chain dimensions), In Table 1 we have tabulated the values 
of /M) 6R’, — the mean square distance between 
2 a 6 8 2b ee chain ends (at the @ -point), which we determined for various 


polymers by the above-described method, As is well known, 
Fig.l. The function ¥ (a) = (Ms 1 ¥2Nn A) the h%/M function is independent of M and {s used as a measure 


Ag? /(e/ 2) plotted against a =(R?/R2y¥4 . of the chain flexibility. The values of a, listed in Column 4, 
1) Theoretical curve [9] (Equation 2); 2) were obtained from the curve in Fig, 1. The calculated values 
Krigbaum's empirical equation [16] (Equation of &,/ my/ 2 practically coincide with the corresponding 

4). values determined experimentally in © -solvents; for polysty- 


rene, polyisobutene, and polyvinylacetate they are: 70- 10-*° 
cm [14], 79.5 * 10° cm [2], and 78,10~*° cm [15],respectively. Thus, by using the previously described theory 
[9], it is possible to determine the unperturbed chain dimensions in good solvents with practically the same degree 
of accuracy as in 0 -solvents, It should, however, be emphasized that any polydispersion of the investigated sam- 
ples may alter considerably the experimental results (particularly if R® is determined by light scattering), so that 
it is advisable to carry out measurements on narrow polymeric fractions. 


The determination of unperturbed macromolecular dimensions through measurements in good solvents has 
also been proposed by Krigbaum [16]; by combining the equations for R* and Ay, which are valid only in the 
vicinity of the 6 -point,he derived the equation: 


134 1 M? 


(R ) (R?) + 3 705 (4x)? A, Ny ( ) 
TABLE 1 
1 
Polymer | Solvent | | | 10m Lit, ret. 
olystyrene Toluene 31—612 1 2422129 74 9 11-13 
polystyrene Cyclohexane (£2) 
(T 3200 1,05—1,21 69 (40,5) (14) 
Polyisobutylene |Cyclohexane 38. 754 82 (2) (1) 
860-—3460 | 1,43—1,60 78 (+3) (5) 


Equation (3), as is obvious from its derivation, is only valid provided all higher-order interactions are in- 
significantly small, so that from a theoretical standpoint it is not applicable to good solvents, Nevertheless, due 
to an accidental compensation among the various factors not considered in the derivation, the equation has proven 


930 


| 


quite useful, since by means of it the correct values of R? can be calculated from R, Ag, and.M [12]. Asa 
matter of fact, Equation (3) can be rewritten in a form similar to Equation (1), and if we disregard the small 
difference between h/h? and R*/R’%, , we will get 


(a) (1 — 1/28). (4) 


The function represented by Equation (4) was also plotted in Fig. 1; the Figure shows that Krigbaum's equation, 
which in good solvents is essentially empirical, is in good agreement with the theoretical results obtained by the 
author and Yu, E. Eizner, Hence, instead of Equations (1) and (2),one can use the empirical Equation (3) to 
calculate 


In paper [17] Equation (3) was used for the determination of the R4, of isotactic polystyrene. The authors 
of that paper also concluded that although in good solvents the molecular dimensions of the isotactic and atactic 
polystyrenes are the same for a given M, the unperturbed dimensions of an isotactic polystyrene are somewhat 
larger (since for a given M the isotactic polystyrene has a smaller Ay). In view of the extensive polydispersion 
of the sample studied in paper [17], the results require a further verification.This is the more so,since we didnt ¢on- 
firm the ideas presented in paper [17], when we used in our calculations some recent data of Trossarelli, Campi, 
and Saini [18], who studied the viscosity and light-scattering of isotactic polystyrene in toluene. The problem 
evidently requires a further investigation by the use of the narrowest fractions possible. 
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THE EFFECTS OF TEMPERATURE AND LAMINARY VELOCITY 
ON THE RATE OF TURBULENT COMBUSTION 


A. S. Sokolik and V. P. Karpov 
Institute of Chemical Physics of the Academy of Sciences USSSR 


(Presented by Academician V. N. Kondrat’ev, June 15, 1959), 


There currently exist two apparently alternate points of view concerning the mechanism of turbulent 
combustion; the one proposed first is called the laminary-surface combustion mode} [1-4], the other, proposed in 
1955, treats turbulent flame as the propagationof a three-dimensional pulsating reaction [5-7]. Although several 
observations concerning the variations in the order at which certain types of light are emitted and the great dif- 
ference in the time intervals between emissions in laminary and turbulent flames throw some doubt on the lami- 
nary-surface model, they at the same time fail to present any adequate evidence in support of the other, three- 
dimensional turbulent flame model, It seems that one first has to establish whether there is any connection be- 
tween the propagation velocities of turbulent and laminary flames, The solution of this problem became feasible 
due to the development of an essentially physical method of measuring turbulent combustion velocities [8]; in the 
current paper an attempt is made to present this solution, The example presented in Fig.1 shows the usual effects 
of mixture composition (6 represents the ratio between the true and the stoichiometric fuel concentrations) on the 
laminary combustion velocity Ug and on the corresponding flame temperature T,, as well as the turbulent com- 
bustion velocity U; under static bomb conditions, where turbulence intensity is constant; the data are given for 
air + propane mixtures (Fig, 1a), In these and in subsequent experiments, by using stirring motors, we maintained 
a constant turbulence intensity, which, as was demonstrated in calibration experiments, corresponds to having 


constant |U’| and V uw’? while the physical properties of mixtures cre varied; in this case |U’| and Vu? 


are the average absolute turbulence intensity and the variable component of the instantaneous recorded velocity, 
respectively [8]. The fact that any change in U, is accompanied by a change in U, has also been frequently 
observed when Uy was measured by propagation methods in turbulent stabilized flames, and the fact was invaria - 
bly regarded as a proof for the direct relationship between turbulent and laminary velocities. However, the fact 
that a change in U; is also accompanied by a change in T, was entirely ignored, 


In order to separate the two factors, U, was determined 
To % b b in hydrogen + air flames (Fig. 1b); these mixtures can be 
m/sec varied in such a manner that U, remains constant while the 
combustion temperature T, is varied (Expt. 1, points a, b, 
and a’, b’, in Fig. 1), or T, can be kept constant while U, 
is varied(Expt. 2, points c,d, and c*, d® in Fig. 1). The air - 
hydrogen mixtures exhibit these properties as a result of the 
great dependence of thermal! conductivity on the ratio of 
hydrogen to air, As the data inExpt, 2 show, when U_ is in- 
creased by a factor of 2, while T, is maintained constant, 
remains practically unchanged. 


a 
m/sec 


In Experiment 1, where T, was varied from 1650 to 
2300°K, while U, remained constant, the value of U, in- 
creased from about 9.5 to 14.5 m/sec. The above-described 
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T= 2500°H conditions were also reproduced by using mixtures of the compo- 
, ag sition ; 2H,+ O, + M, where M = Ng, Ar, or He; the concentration 
” ’ of the inert gas was chosen in such a manner as to give a constant 
eo T = 2250°K Ug (200 + 7 cm/sec), while the combustion temperature was 
¢*2000°K varied from 2000 to 2400°K (see the data in[9]). As T, was raised 
within the above-mentioned range, at a constant U,, (the latter was 
Lame’ oo carefully controlled), Uy increased from 10 to 16.8 m/sec. Finally, 
we smdied the relationship between U;, Ug, and Tg by using ter- 
Ue nary mixtures of CHg + nO, + M, with the concentrations of O, and 
Fig. 2. of the dilutant(N,, Ar, He) chosen so as to maintain a constant T 
over a wide range of U,, values; in order to be consistent with our 
previous work [10], the temperatures: 2000, 2250, and 2500°K, 
respectively,were used in each series of experiments, As can be seen from Fig. 2, when T, is maintained con- 
stant Ur remains practically unchanged over a wide range of U, values; the values of U; at the three combus- 
tion temperatures were 6,2, 8.8, and 13 m/ sec,respectively. Only when Ue is decreased below a certain value, 
specific for each temperature, does one observe a sharp decrease in U;. As will be shown later on, this pheno- 
menon is connected with an actual change in the nature of the flame itself. Now, though, on the basis of the 
experimental results one can conclude that the turbulent combustion velocity is independent of the laminary 
combustion velocity when T¢ is constant, but increases with increasing combustion temperature. 


An examination of several film frames, representing an example of flame propagation (Fig. 3), reveals 
a substantial difference between the types of turbulent flame propagation present in the region of constant U;, 


(Fig. 2, point d, and Fig. 3,d)and on the declining branch of the curve, for example, at points a, b, c in Fig. 2 
(corresponding to Fig. 3a, b, c). 


Fig.3. 


It is evident that along the downward portion of the U, curve the flame is not spreading uniformly over 
the entire space but encompasses individual, sometimes several, zones (particularly obvious in Fig. 3a), When 
the normal observable velocity of individual ejections is conserved, the less uniformly filled the flame sphere, 
the smailer will be the rate of increase in the reduced radius, dR/dt. Hence, the decreased turbulent combustion 
velocity at a constant Tc may be attributed to the increased probability of extinction as the boundary of tur- 
bulent flame propagation is approached, A comparison between Fig. 2 and Fig. 3 indicates that the propagation 


boundary of the turbulent flame advances at a constant adiabatic combustion temperature and not when T,, is 
decreased, as happens in the case of a laminary flame, The turbulent combustion is directly hampered under 
these conditions (at a constant T,.) by the reduced reaction rate, which results from the altered composition of 
the ternary mixture, This boundary property of turbulent flame propagation will be the object of a further study, 


Since the laminary-surface model is completely incompatible with the experimental results, one should 
represent turbulent combustion as a propagation of pulsating ignitions, caused by 
a turbulent mixing of fresh and burning gases. Using this approach, the turbulent 
combustion velocity should depend on the ratio of the path along which the 


fresh and burning gases undergo turbulent mixing V x? to the induction period 


of the combustion, 1j. For small periods; 


Us tos (1) 
where f, = \ Rdt , the characteristic diffusion time, From this we get 
1 A. 0 
$0 42 46 48 §0 = 
U, =V X8/ = Us-to) = Us. (2) 


The maximum value of T; for which the propagation of combustion is pos- 
sible is Tj, =t, which corresponds to the minimum value of Uy = U' 5 .With 
decreasing 1j, for example,as Tc is increased, Ul, increases, while U'y remains constant; this has previously 
been pointed out as an increase in the coefficient a (see Equation (3) in [8]). 


The representation of turbulent combustion as a pulsating ignition caused by the mixing of fresh and 
burning gases also explains the observed order of emission in turbulent flames: CH - CO, CC [7]. 


The relationship U, ~ 1 /t{ can be used to estimate the effective activation energy, Egg, from the 
equation: 


U,~ exp (— (3) 


In Fig. 4 we have plotted U, against combustion temperature for mixtures of Hy and CH,, which is equiv- 
alent to having a constant Ug. We already discussed the sequence in which these functions were selected for 
ternary mixtures of 2H, + O, + M. For methane we used the values given in Fig. 2; moreover, in order to get 
comparable values of U,, which were outside the turbulent combustion limits of the three temperatures, the 
values of U, at 2500°K were obtained by extrapolating the horizontal segment of the curve, The values of 
Eere found in both cases were close to the activation energy for the reaction; H+ O; -»OH+O (E = 15 kcal) 
[11], which is the principal chain propagation step in combustion reactions proceeding via OH and H radicals. 


LITERATURE CITED 
{1] G. Damkohler, Zs. phys. chem., B-46, No.11, 601 (1940). 
{2] K. 1. Shchelkin, J. Tech. Phys. 13, No.9, 520 (1943), 

(3] B. Karlovitz, D. W. Denniston,Jr., and F, E. Wells, J. Chem. Phys., 19, No.5, 541 (1951). 


[4] A. C. Scurlock, and J. H. Grover, Fourth Symposium on Combustion, 1953, p.645. 


(5] M. Summerfield and S. H. Reiter,et al., Jet Propuls., 25, No.8, 377 (1955). 


(6] E. S. Shchetinkov, Coll. Papers on Turbulent Combustion of Homogeneous Mixtures, Moscow,1956, 
p.50, [In Russian). 


{7] K. Wohl, Zs. phys. Chem., Neue Folge, 16, 387 (1958). 


[8] V.N. Karpov, E. S. Semenov, A. S. Sokolik, Proc. Acad. Sci. 128, No.6 (1959).° 


* Original Russian pagination, See C. B. translation, 


“4 % 
* 
‘Ar 
‘de “ap . 
= 
> 
nae 
935 


(9] G. Morgan and W. Kane, Fourth Symposium on Combustion, 1953, p.313, 


[10] S. Weil, E. Searight and R. Ellington, Ind, and Eng. Chem., 50, No.7, 1101 (1958). 


(11) L. V. Karmilova, A. B. Nalbandyan, and N. N. Semenov, J, Phys. Chem, 32, No.6, 1193 (1958), 


Received June 5, 1959, 


| 
| 


THE EFFECTS OF THE DEGREE OF DEGASSING ON THE ELECTRON 
WORK FUNCTION IN NICKEL 


N. A. Shurmovskaya and R. Kh. Burshtein 


(Presented by Academician A. N. Frumkin, June 23, 1959) 


In the preceding communication [1], which dealt with the effects of adsorbed oxygen on the electron work 
function in nickel, we showed that the contact potential difference depends on the conditions under which nickel 
and oxygen are allowed to react, which indicates that different types of bonds are formed between the metal and 
the adsorbed gas, These results were similar to those previously obtained by R. Kh, Burshtein and co-workers,who 
studied the adsorption of oxygen on iron [2] and platinum [3]. In papers [2] and [3] they described how the 
metals were repeatedly reduced with hydrogen at 400° and subsequently degassed in vacuo under pressures as low 
as 10°" mm and temperatures as high as 900-1000° (using high-frequency current for heating). 


However, certain literature data indicate that a metal surface degassed at 10~"mm is not entirely free of 
adsorbed gases. To obtain a pure metallic surface a vacuum of the order of 10-°-10-"° mm of Hg is required. 
Becker [4] has demonstrated that at a pressure of 10~°mm a single layer of nitrogen is adsorbed on a tungsten 
surface within one second, while at 107° mm the same process requires 100 seconds. Oxygen, hydrogen, and 
water vapor behave similarly. On the basis of these facts Becker expressed his doubts concerning the accuracy 
of most of the literature data on the adsorption on metals, since in his opinion the adsorption was studied on 
surfaces which were already covered with an indeterminate amount of adsorbed gases, As is already known,the 
determination of the potential difference at the point of contact between a pure metal and a metal which has 
absorbed some gas provides a clue to the adsorption mechanism of gases and constitutes one of the most sensitive 
methods of studying the physical and chemical state of a surface. 


It was accordingly interesting to see what effect would the degassing of a metal surface at pressures between 
10-7 and 104° mm have on the contact potential difference between a “pure* metal and the same metal with 
some absorbed gas, We selected for our investigation the nickel — oxygen system; or this system has pre- 
viously been studied by us [1], the surface was never degassed at pressures below 10-7 mm. For the sake of com- 
parison with previous results, we determined the contact potential difference between pure nickel, which had been 
repeatedly reduced with hydrogen at 400° and thoroughly degassed at 900° in vacuo at pressures of 10~ - 10 
mm, and nickel which was allowed to absorb oxygen at various temperatures, During degassing the nickel was 
heated by a high-frequency current, Partial vaporization of nickel was already observed at 900°, A thermoelec- 
tronic method was used for measuring contact potential differences. Measurements were carried out in an appar- 
atus which consisted of a diode containing a tungsten wire cathode and a movable anode, The anode consisted 
of a 6 cm’ plate made of spectroscopically pure nickel (*"Hilger® brand), During the preliminary work the anode 
and the cathode were kept relatively far apart, but they could be brought together to within 1 mm, by means of 
an electromagnetic device, when volt-ampere characteristics were to be recorded, The conditions necessary for 
a complete purification of the tungsten wire surface were established by carrying out special experiments in an 
apparatus with separate anode and cathode compartments, The ultrahigh vacuum was obtained by using a ma- 


nometer designed by Alpert [5]. The measuring portion of the system was detached from the vacuum assembly 
with the help of a tin seal designed by I. I. Tret*yakov [6]. 


The results obtained in this work are compared with our previous work in Fig.1. The curves show the tem- 
perature dependence of the contact potential differences between nickel degassed in vacuo at 1077 mm (1), 
well as nicke] degassed at 10° -10~° mm (2), and nickel which had absorbed oxygen (at various temperatures) 


937 


to the extent of 1.3 + 10% 0, molecules per 1 cm? of actual surface, In nickel which had been degassed in ultra - 
high vacuum the work function decreases by 0.27 v when oxygen is absorbed at 60° and by 0.41 v when the nickel 


plate is heated at 100°, 


Fig. 1. The contact potential 
difference on nickel which was 
degassed in vacuo as a function 
of the oxygen-absorption tem- 
perature ; 1) degassed at 10-7 
mm; 2) at 10mm. 


Fig.2. The effects of 
the extent of degassing 
on the current-voltage 
characteristics of Ni 
at various pressures of 
residual gases: a)10~° 
mm; b) 10-"mm; and 
c) at 10°'mm of oxy- 
gen, 


Hence, as can be seen in Fig.1, measurements carried out in 
ultrahigh vacuum gave the same results as those obtained when 
nickel was degassed at pressures above 10-7 mm [1]. In order to 
verify these results we recorded a series of volt-ampere character- 
istics using nickel degassed at 10mm (Pig.2). After that, the 
pressure in the measuring portion of the system increased to 10-7 
mm due to residual gases, or was increased by introducing oxygen. 
The results clearly indicate that the volt-ampere characteristics 
for both types of degassing practically coincide, which means that 
the work function remains the same, 


Our results are in full agreement with those obtained by 
Clarke and Farnsworth [7], who showed that the contact potential 
differences on silver are independent of the residual gas pressure 
in the range from 10~° to 10-* mm. Culner, Pritchard, and 
Tompkins [8] have established that no adsorption of oxygen is ob- 
served at 10-°mm pressure on finely powdered films of gold,silver, 
and copper. 


Thus, the results obtained by the contact potential-difference 
method are not consistent with the electron emission studies [4,9]. 
The reason for this is not clear, but it is quite possible that the 
indicated difference is related to the existence of an electric field 
in the emission microscope. 
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THE ENERGY OF ADSORPTION OF HYDROCARBONS 
ON CHEMICALLY MODIFIED SILICA 


I. Yu. Babkin and A. V. Kiselev 


The M. V. Lomonosov State University, Moscow 


(Presented by Academician M. M. Dubinin June 24, 1959) 


The modification of a silica surface by chemical bonding with trimethylsilyl groups [1] to approximately 
93% coverage results in a marked diminution in the adsorption of various substances, this effect being especially 
pronounced in the case of the hydrocarbons [2]. 


Absolute isotherms for the adsorption of n-hexane and benzene on a silica surface (aerosil) which is hy- 
drated or 93% covered with chemically bound trimethylsily] groups are given in Figure 1, This Figure shows that 
such modification reduces the hydrocarbon adsorption sharply even though it does lead to the formation of an 
“organophilic® film of methyl groups on the surface, the reduction being particularly pronounced for benzene 
vapors, Interest attaches to an interpretation of this effect in the theory of adsorptional forces, with an evaluation 
of the energies of adsorption of these hydrocarbons on a modified silica surface, 


The lack of exact information on the distribution of force centers on the surface and in the body of 
amorphous silica complicates the problem of evaluating the energy of adsorption here [3]. Much significance 
therefore attaches to the selection of a model adsorbent in which there is a regular periodic ordering of these 
force centers in both the modifying surface layer of the silica and in the body, The silicon atoms of trimethyl- 
silane add on to the silica lattice during chemical modification of the latter's surface by the reaction 


| | 
— Si — OH + CISi (CHs)s > — _ — O—Si(CHs)s + HCl 
| 


and they, together with the methyl groups, form a structured layer (Fig.2a) which will have a depth of 3.5 A if 
these groups are of van der Waals* dimensions, The acceptance of this simplified model of modified silica is 
justified, in view of the fact that the surface is almost fully covered by the Si(CHg)s groups [2] with only 7% 
departure from maximum packing density, while the effect of the adsorbed molecules on the underlying silica 
lattice is slight because of the rather considerable depth of the layer of methyl groups. 


The model adopted for the layer of methyl groups was a plane with maximum packing density (Fig.2b), 
whereas the silica was assumed to have a tridymite structure (Fig.2c) with a (1000) plane oriented toward the 
methyl] group layer, This spatial distribution of the silicate tetrahedrons is especially suitable for the purposes 
of calculation, the oxygen atoms, the principal force centers, being arranged in parallel planes. The tridymite 
structure was chosen because its density (2.3 g/cm®) approximates that of silica gel (about 2.2 g/cm’), A defect 
of this model is that the (1000) plane of tridymite cannot assure the maximum density of coverage by the tri- 
methylsilyl groups in the reaction with C1Si(CHg),. A coverage which approached this density would in actuality 
demand that the silica surface entering into the reaction be covered with hydroxyl groups at maximum density 
{2}. It has been pointed out above, however, that this model is acceptable because of the smallness of the con- 
tribution which the silica lattice makes to the energy of adsorption on the modified surface, 


ae 
‘3 
% 
939 


b 


%,—~ 


Fig.1. Adsorption isotherms for n-hexane vapors 
(a) and for benzene vapors (b) on a hydrated silica 
surface (1) and on a trimethylsilyl-covered surface 


(2). 


O123945A 


Fig.2, One possibility for bonding between a 
trimethylsilyl group and a silicate tetrahedron 
(a); a model of a dense-packed layer of methyl 
groups with an adsorbed n-hexane molecule 
shown above (b); and the tridymite structure 
(c). 


TABLE 1 


Values of the Constant for Dispersional. Attrac- 
tion, the Polarizability, and the Magnetic Sus- 
ceptibility 


, (kcal/mole). 


1,69 (5) 
0,04 (8) 
2,26 (5) 
1,82 (5) 
CH arom: 1,72 (°) 


Only the dispersional component of the adsorption 
potential has been evaluated here since the induction 
effect is principally due to hydroxyls which have not been 
fully replaced and are screened by the Si(CHg), groups; 
the electrical field is nonuniform, however, and falls 
off rapidly with increasing distance so that this effect 
would be small [4]. The interaction of the adsorbate 
molecule with the force centers of this model is composed 
additively of; 1) an interaction with the methy!l-group 
layer, and 2) an interaction with the tridymite lattice. 
The CHg groups and the O and Si atoms are considered 
as the centers of dispersional interaétion in the adsorbent, 
the CHg, CHz, and aromatic CH groups filling this role 
in the adsorbate. 


The interaction with the CHg groups of the modify - 
ing layer was evaluated separately through the equation 
[3} 


14j being the distance from the i-th unit in the adsorbate 
molecule to the j-th methyl group of the modifying layer, 
C, the constant for dispersional attraction and B, the re- 
pulsive constant, This equation represents only the con- 
tribution from the first dipole-dipole member in the expres- 
sion for the energy of dispersional attraction, more com- 
plete calculations [3, 5] having shown that the contribu- 
tion from subsequent members can be allowed for by the 
introduction of a small correction term. Summation was 
carried out over the 64 nearest CHg groups, The constant 
C was determined from the Kirkwood-Muller Equation 
[3]. 


2 2 
4 O1/X1 + (2) 
in which m is the mass of the electron, c is the velocity 
of light and a, X_ are, respectively, the 
polarizability and magnetic susceptibility of the centers 
of the adsorbent and the adsorbate. 


The values of a and x which were employed in 
these calculations are shown in Table 1 together with the 
corresponding values of the constant, C, of dispersional 
attraction, The value of the constant B was obtained 
from the condition that the energy of interaction be at 
a minimum at the equilibrium distance of separation, Z,, 
of the adsorbed molecule from the modifying layer 


Cale, = 0. (3) 


The equilibrium distance, Z), was fixed as the sum 
of the van der Waals’ radius of the methyl group (2.0 A) 
and the van der Waals* half-width of the adsorbate mole- 
cule [3, 5, 8]. Only the attraction potential was taken 


f 
0 
b 
CORE 
a-10%, | —x-10%, |-cmé 
o | s 
| 
1,66 
18,9 (*)| 4,50] 0,82 | 0,04 
15,3 1,34] 0,73 | 0,03 
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into account in evaluating the second component which 
arises from interaction with the tridymite lattice, the 
P repulsion being negligibly small at such large distances. 

j For this reason the attraction potential between a mole- 
cule of the adsorbate and the tridymite lattice was cal- 
culated at a distance of 5.5 A (the sum of the half- 
width of the n-hexane molecule and the distance from 
the surface of the modifying layer to the plane of centers’ 
of the first layer of (1000) oxygen atoms of the tridymite), 
using the equation: 


O = + Cs + Je), (4) 


kcal/mole 


in which @ is the attraction potential, C " and Cy ; are, 
respectively, the constants for dispersional attraction in 
interaction with oxygen and silicon atoms, J j and J, are, 
respectively, integrals [8] representing the interaction 
with those lattice centers which are not covered in the 
summation, and ij and Tk are, respectively, the dis- 
tance from the i-th unit of the adsorbate molecule to 
the lattice center of type j or k, Summation was carried 
out over the 220 nearest centers of thetridymite lattice*. 
Potential curves for the interaction of molecules of n- 
hexane and benzene with the methyl-group layer are 
shown in Figure 3, The value of ® corresponding to the 
minimum on the potential-energy curve was increased 
by 10% to correct for dipole - quadrapole and quadra- 
pole -quadrapole dispersive interaction, as has been 
suggested by more complete calculation [3,5,8]. The 
results of these calculations are presented in Table 2, 


Fig. 3. Potential curves for the 
adsorption of n-hexane (1) and 
benzene (2) on the surface of 
a layer of methyl groups [ see 
model of (Fig. 2)). 


TABLE 2 

Calculated Values of the Energy of Adsorp- 
tion of Individual Molecules of n-Hexane 
and Benzene on the Surface of the Chem- 
ically Modified Model of Silica 


of 
t 


Type 
of interaction 


n-hexand benzene 


No essential difference is to be expected in the 


| 

With the modifying 
layer of methyl 
groups 

With the tridymite 
lattice 

Correction for qua- 
drapole-dipole and 
quadrapole-quadra; 
pole interactions 


Total 


adsorption of n-hexane and benzene on highly modified 
specimens such as these, since the modifying layer of 
methyl groups markedly weakens the electric field of 
the adsorbant and adsorption is principally due to the 
dispersive forces. The adsorption (see Fig.1) and the 
energy of adsorption of n-hexane on the modified silica 
prove to be higher than adsorption and the energy of 
adsorption of benzene, this being in distinction to the 
case for adsorption on a hydrated surface [4], but in line 


with the adsorption on graphite [3] and magnesium oxide 


[5]. 


The resultant values of the energy of adsorption 
of n-hexane and benzene are small and make up about 50%of the respective values of the heat of condensation, L, 
so that the values of the true heat of adsorption,  - L, are negative and equal to -3,3 kcal /mole for n-hexane 
and -4,1 kcal/mole for benzene, This fact is responsible for low adsorbability of these hydrocarbons on the sur- 
face of a 93% modified aerosil [2] (see Fig. 1) and for the concavity of the adsorption isotherm. It is true, of 
course, that these results are valid only for the chosen model. It has already been noted that the density of dis- 
tribution of the methyl groups is not actually so uniform and that these groups do not fall entirely in a single 
plane ,but this could not alter the fundamental conclusion that there is a marked diminution in the energy of ad- 
sorption of the hydrocarbons as the result of this type of modification of the silica surface, 


*such a detailed evaluation of the interaction with the tridymite lattice is not required for the present purposes; 
use was made of the results obtained in an evaluation of the energy of adsorption on silica [9]. 
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Thus the sharp reduction in the potential of the dispersonal attractive forces resulting from the displacement 
of the external modifying layer of methyl groups away from the silica lattice is the principal cause of the marked 
diminution in the adsorption of hydrocarbons and other vapors when the silica surface is almost fully modified by 
reaction with trimethylsilane (or by alkylation (10]), There is an added effect in the case of molecules with a 
pronounced nonuniformity in the density distribution within the electron cloud (benzene, in the present instance); 
this arises from elimination of the electrostatic interaction with the hydroxy] groups and leads to a sharp reduction 
in the adsorption, with the adsorption of n-hexane falling to 1/15th and that of benzene, to 1/65th, of the orig- 
inal value at a relative pressure of 0.1 [2]. It is hoped that a comparison of the heats of adsorption can be made 
in a future communication, 
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AN ELECTRON PARAMAGNETIC RESONANCE (RADIOSPECTROSCOPIC) 
STUDY OF THE VULCANIZATION OF RUBBER 


G. A. Blokh 
The Dnepropetrovsk Institute of Chemical Technology 


(Presented by Academician P, A. Rebinder May 18, 1959) 


The methods of modern physical chemistry are now being used to study the most important technological 
problems of the rubber industry. The use of radioactive isotopes has made it possible to obtain new insight into 
the complex process of rubber vulcanization and the mechanism of the action of organic accelerators [1]. Ioniz- 
ing radiations have been employed to effect the so-called radiational vulcanization [2,3], 


New, wide perspectives are opened by the application of electron paramagnetic resonance (radiospectroscopy) 
to the study of the chemical reactions which are involved in rubber vulcanization, It is well known that the 
molecules in a chemical reaction must usually pass through an active state, forming free radicals with unpaired 
electron spins and magnetic moments, The production and consumption of free radicals in a chemical reaction 
can be followed by studying the paramagnetic resonance adsorption of these particles. The degree of dissociation 
of a compound into free radicals can be estimated from a measurement of its magnetic susceptibility. 


Thus,it is quite important that electron paramagnetic resonance be used in attacking the problem of the 
nature of the vulcanization reactions. The electron paramagnetic spectra should show whether vulcanization is 
actually a radical reaction ,or not, 


All of the present studies were carried out [5, 6] on a radiospectrometer which had been constructed in the 
laboratories of S. E. Bresler and had a high sensitivity of 2 - 10-!* moles of diphenylpicrylhydrazyl, the substance 
generally employed in such sensitivity calibrations [4]. Investigation was made of the vulcanization of natural 
rubber by tetramethylthiuramdisulfide in the presence of zinc oxide and stearic acid, Parallel studies were carried 
out on similar systems in which the natural rubber had been replaced by polyisobutylene, Thus,the investigated 
systems differed in respect to the double bonds in the polymer structure, Electron paramagnetic spectra were 
studied for mixtures of the compositions shown in Table 1, 


TABLE 1 The rubber mixtures were made up and loaded into 
ampules of high-quality quartz glass which was free of 
sine Specimen No. paramagnetic contaminants; these ampules were then 
composition ; i partially evacuated and sealed, The ampules were placed 
1 | 2 | 3 | A | Peter into the resonator and heated from 20 to 220° at a fixed 
7 rate, Parallel observations were made on the paramagnetic 
3.0] 3,01 — | 3,01 3,01 3.0 additive, between rollers for 30 minutes, A paramagnetic 
Stearic a pal spectrum was not shown by the unplasticized natural rubber 
ulfur 3,0) 3.0 


(clearcrepe), The plasticized rubber showed a single 
characteristic spectral line, and it was obvious that peroxide 
radicals had been produced by the oxidation processes in 
the rubber (Fig.1). This spectral line was subsequently 
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Fig. 1. The formation of 
polymeric radicals during 
heating of natural rubber 
with 3% tetramethylthiu- 
ramdisulfide at 20-80°, 


220° 


220° 
100 gauss 


after 7.5 min, 


200° 


Fig. 2. The kinetics of the formation of 
polymeric radicals during the vulcaniza- 
tion of natural rubber with 3% tetrameth- 
ylthiuramdisulfide at 100-220°, 


observed in mixtures containing rubber and thiuram,or other 
ingredients, as these mixtures were carried up to vulcaniza- 
tion. Increasing the temperature of vulcanization of rubber 
by the tetramethylthiuramdisulfide resulted in an almost 
instantaneous increase in the complexity of the paramagnetic 
spectrum, this change taking place in less than a minute. 
There was a deformation of the spectral line at 60°; two 
lines were observed at 80°, three at 120°, and four at 140- 
160° [5,6]. An increase in the intensity of the paramagnetic 
spectrum with subsequent extinction was observed 10-20 
minutes after the temperature has reached 200° in the course 
of a further heating to 180- 200 - 220°, The reverse change 
was observed in the paramagnetic spectrum 20 minutes after 
the beginning of heating at 200°, or 5 - 7 minutes after the 
beginning of heating at 220°; eventually, only three of the 
four lines remained as an intermediate triplet state, and two 
of these gradually disappeared with cooling to leave the 
original single peak (Figs. 2 and 3). These experiments 
showed that the presence of zinc oxide or stearic acid in the 
mixture did not essentially alter the paramagnetic spectrum. 


4 


10 gauss 


Fig. 3. The kinetics of the 
formation of polymeric rad- 
icals in the vulcanization of 
natural rubber with 3% tetra - 
methylthiuramdisulfide at 

200°: 1)after 5 min; 2) 10 min; 
3) 16 min; 4) 22 min; 5) 27 
min; 6) after 32 min; 7)after 
cooling until the following day. 


= 


A second heating of the vulcanizate resulted in a paramagnetic spectrum of almost the same intensity, The elec- 
tron paramagnetic resonance observed during the heating of natural rubber (clear crepe) with tetramethylthiuram - 
disulfide, zinc oxide, and stearic acid gave clear proof of the fact that the vulcanization of such mixtures is a 
radical reaction, On the other hand, no paramagnetic spectrum was observed when similar mixtures in which the 
natural rubber had been replaced by polyisobutylene were heated to any one ofthe test temperatures. This illus- 


trates clearly the role played by the polymer double bonds; polyisobutylene contained no such bonds ,and neither 
vulcanized nor showed a paramagnetic resonance spectrum. 


The vulcanization of natural rubber by sulfur (without tetramethylthiuramdisulfide) also failed to give rise 
to a paramagnetic resonance spectrum. The observed paramagnetic spectra indicated that polymeric radicals 
were formed in the vulcanization of natural rubber by tetramethylthiuramdisulfide, since any low-molecular 
radicals which might have resulted from the dissociation of this compound would have readily recombined at 
the vulcanization temperatures of 140-200% where the diffusion coefficient is quite high. The polymeric radicals 
were clearly rather long-lived at the experimental temperatures. A second heating led to the formation of a 
new chain of polymeric radicals which recombined as heating was continued; these were consumed in the formation 
of spatial structures, Preliminary calculations showed that the concentration of polymeric radicals in these 
vulcanization experiments was 4 + 10-7 moles/ g. The observed spectra are undoubtedly quite complex since 
their various parts appeared and disappeared at different times. It is possible that an analysis of these spectra 
could be had through further studies on model systems with isotopic replacement of the various elements in the 
tetramethylthiuramdisulfide and the polymer. The following scheme for the dissociation of tetramethylthiuram - 
disulfide into radicals and the production of polymeric radicals with recombination into spatial structures (vul- 
canization) can be set up on the basis of the experimental data of various investigators: 


1. The dissociation of tetramethylthiuramdisulfide into radicals: 


i | 


| 
Ss 
c) (CH),N—C—S—S—C—N = (CHAN — = on (CH,), , 
I! ll 


2. The formation of polymeric radicals: 


CH, CH, 
| | 
(CH,):N — C —S* + ~CH, —C = CH — CH, CH ~ 
; 
«ch, che 


CH, 


3. The recombination of the polymeric radicals with the formation of spatial structures and the entry of 
the thiuram radicals into the rubber structure; 
CHs CH, CH, 
a) d 
~ CH, —C = CH —CHw +—~CH; —C —CH = CH ~ > CH,—C—CH=CH~ 
— CH 
CH, 
CH, CH, 


| A | 
~ CH, — C = CH — CH, ~ + S— C — N (CH,), + CH; , 
I 


| 
S = C —N (CH)); 


. 
| 
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CH, 
Cc) 2~CH,—¢—CH— CH. CH, 


| 
S$ =: CN (CH,): 


The possibility of the formation of the dimethyldithiocarbamate of zinc during vulcanization is not to be ex- 
cluded and this compound could facilitate the passage of the rubber into a spatial structure by accepting hydrogen 
from its a-methyl groups; 


CH, 
(CH,.N SH +2— CH —¢ = CH —CH, 
+ 
CH, 
~—CH—¢=CH—CH,~ 
—cH,—¢—cH =CH~ 
cH, 


The vulcanization with tetramethylthiuramdisulfide and sulfur in the presence of accelerators is essentially 
different, as was brought out by the fact that no paramagnetic spectra were observed when rubber was vulcanized 
by sulfur with diphenylguanidine at 100-160°. Thus,the observed electron paramagnetic spectra gives experiment- 
al proof that radical reactions are involved in the vulcanization of rubber by tetramethylthiuramdisulfide, 


I wish to express my deep appreciation to Professor S. E. Bresler, E. M. Saminskii, and E. N. Kazbekov for 
their considerable help in the course of this investigation, 
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THE EFFECT OF PRELIMINARY IRRADIATION ON THE RATE 
OF THERMAL DECOMPOSITION OF SILVER OXALATE 
CONTAINING CADMIUM 


V. V. Boldyrev, Yu. A. Zakharov, V. I. Eroshkin 
and M. G. Sokolova 


The S. M. Kirov Polytechnic Institute, Tomsk 
(Presented by Academician M. M. Dubinin June 22, 1959), 
There is indication in the literature that the thermal decomposition of silver oxalate can be accelerated 
by preliminary irradiation with visible or ultraviolet light [1-6], or with x-rays [7]. The present work has aimed 


at elucidating the effect of irradiation with ultraviolet light or with Go® y -radiation on the rate of thermal de- 
composition of silver oxalate containing 5 mole percent of added Cd. 


The preparation of the working materials has already been described in [8]. The thermal decomposition 
was studied by a weight method, working at 158° and using quartz spring balances, A 1 mg alteration in mass 
* corresponded to a 13.88 mm screen displacement of the end of the spring. Gaseous reaction products were con- 


tinuously evacuated, A PRK-4 quartz mercury lamp was used for ultraviolet irradiation, The charge was load- 
ed into a quartz tube which was placed at a distance of 5 cm from the lamp. A Warren motor kept this tube in 
continuous rotation at 60 rev/min. A source containing a co” preparation was used for y -ray irradiation, Ki- 
netic analysis of the experimental results was carried out through the equation 1—a=exp (-kt")[9] with sub- 
sequent evaluation of the rate constants from K =nk (10). 


Our results agree with the data of the literature in showing that preliminary ultraviolet irradiation will 
accelerate a subsequent thermal decomposition, Preliminary irradiation with y -rays also leads to a marked 
acceleration of the thermal decomposition of silver oxalate, Figure 1 gives results from a kinetic analysis of 
our data on the effect of ultraviolet irradiation on the thermal decomposition of pure silver oxalate and silver 
oxalate containing added Cd, This figure shows that the velocity constants increase, at first rapidly and then 
more slowly, as the time of irradiation is extended. The constant n of the topokinetic equation diminishes, 
this effect being especially marked in the first hour of irradiation, 


It has been shown in [2,5,7] that the activating action of a preliminary irradiation involves the production 
of metallic silver particles in the oxalate lattice through capture of photoelectrons from the conduction band 
by anion vacancies or other capture centers, These silver particles serve as centers for initiating the subsequent 
thermal decomposition, Thermal decomposition proceeds more rapidly in a radiated preparation than in one 
which has not been radiated because of the increase in the number of initiating centers for the reaction, The 
proportion of the surface involved in the basic reaction increases with the radiation-induced increase in the num- 
ber of initiating centers and this leads, in turn, to a diminution in the exponent n_ of the topokinetic equation , 
a quantity which has been shown to characterize the extent of localization of the topochemical process [10]. 
The action of ultraviolet light is limited to the surface of the oxalate crystal, while the nonirradiated portion 
of the surface steadily diminishes as the time of irradiation increases, so that the rate of increase of the velocity 


constant falls and the effect of preliminary ultraviolet irradiation is thus most pronounced at the beginning of 
thermal dissociation, 
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1 1 


4 6 6 
Duration of irradiation hours 


Fig. 1. The effect of ultraviolet ir- 
radiation on the kinetic parameters 
for the thermal decomposition of 
silver oxalate; 1) the variation in 
the rate constant for thermal decom - 
position of pure silver oxalate; 2) 
the same, for silver oxalate con- 
taining added Cd; 3) the variation 
of the exponent n for thermal de- 
composition of pure silver oxalate; 
4) the same, for silver oxalate con- 
taining added Cd, 


50 min 
Fig.2, The effect of y -irradiation from 
co™ on the thermal decomposition of sil- 
ver oxalate at 158°; 1) nonirradiated 
specimen of pure silver oxalate; 2) the 
same, irradiated at a dose of 43 ° 10° I 
3) nonirradiated specimen of silver 
oxalate containing added cadmium; 4) 
the same, irradiated at a dose of 43 ° 

- 10° rt; 5) the same, irradiated at a dose 
of 240 * 10° 1; 6) the same, irradiated 
at a dose of 300 - 10° r, 


The addition of Cd reduces the rate of thermal de- 
composition and diminishes the effect of preliminary ir- 
radiation on the rate, The action of the added Cd is 
particularly pronounced at the longer exposure times 
(Fig. 1). In an earlier paper [8] on the effect of additives 
on the rate of thermal decomposition of silver oxalate, 
we have expressed the opinion that the retarding action 
of added Cd arises from the fact that the cation vacancies 
associate with the Cd ions entering into the lattice and 
capture positive holes which must then beremoved from 
the crystal in the course of the thermal decomposition. 

It is also possible that the rate of the thermal decomposi- 
tion diminishes because of recombination of interstitial 
Ag ions with cation vacancies(Frenkel defects) in cases 
where these ions are involved in the initial stages of the 
process. The added Cd thus decreases the number of 
active centers from which the thermal decomposition can 
be initiated on the surface of the oxalate crystal. A 
similar mechanism can be set up for the effect of added 
Cd on ultraviolet irradiation of the oxalate if it is supposed 
that photolysis proceeds through the same elementary 
steps as thermal decomposition, 


Irradiation with the y -rays from Co™ (a substance 
which is known to emit y -quanta of energies 1.17 and 
1.33 mev [11]) results in a marked acceleration of the 
subsequent thermal decomposition of the silver oxalate, 
The results of experiments on the rate of thermal decom- 
position of pure silver oxalate and silver oxalate contain - 
ing added cadmium after irradiation with the y -rays from 
Co™ are shown in Figure 2, the coordinates being a,the 
the fraction of material reacted and t, the time. Irradia- 
tion at each dose strength in the range from 43 to 300 
thousand roentgens results in the thermal decomposition 
of the silver oxalate becoming explosive 6-8 minutes 
after beginning an experiment, The thermal decomposi- 
tion of silver oxalate containing added cadmium is also 
accelerated by irradiation, but to a considerably smaller 
extent. The higher the irradiation dosage, the greater 
the increase in the rate, Figure 3 shows the results of a 
kinetic analysis of data on the decomposition of silver 
oxalate which had undergone a preliminary y -ray irradia- 
tion, These data indicate thatan increase in the dosage 
of the preliminary irradiation results in an increase in the 
rate constant and a diminution in the exponent n. The 
exponent n alters during the entire time of y ~irradiation 
and not merely during the initial period, as is the case in 
the irradiation of the silver oxalate with ultraviolet light. 


The photoelectric absorption ofy -quanta and the 
Compton scattering are the most significant of the processes 
which might conceivably be involved in this interaction 
of the y -radiation with the solid [12]. The energy of the 
y -quantum is many times greater than that required for 
ejecting an electron and carrying it into the conduction 
band, so that an electron which has interacted with a 
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quantum in photoelectric absorption should possess sufficient energy 
for dislogding secondary electrons. In the final analysis, the Compton 
scattering should also result in the appearance of additional free elec- 
trons in the solid body, These free electrons could, in any case, be 
captured by anion vacancies or other capture centers, either in the 
body of the crystal or on the surface, to form initiating centers for 
subsequent thermal decomposition, It can thus be supposed that the 
formation of initiating centers under y -ray irradiation follows the 


! 


700 20 aa 0'r same mechanism as that applying to the action of ultraviolet light. 
adiothn deenge—< The difference is found in the fact that the action of the ultraviolet 
Fig. 3. The effect of irradiation with light is limited to the crystal surface so that the principal effect ap- 
the y -rays from Co™ on the kinetic pears in the initial stage of the thermal decomposition whereas y -ray 
parameters for the thermal decompo- irradiation gives rise to active centers throughout the body of the 
sition of silver oxalate containing add- _ crystal and thus affects not only the initial stage of the thermal de- 
ed cadmium: 1) alteration in the composition but the entire course of this reaction throughout the ma- 


velocity constant; 2) alteration in the terial, 
exponent n of the topokinetic equation. 


In this case the effectiveness of preliminary y ~irradiation on the 
rate of thermal decomposition of the silver oxalate is diminished 
because of the formation of additional cation vacancies which can capture positive holes or silver cations from 
the lattice interstices. 
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A STUDY OF THE THERMODYNAMIC PROPERTIES OF SOLID SOLUTIONS 
IN THE NICKEL ~ CHROMIUM SYSTEM 


E. Z. Vintaikin 


The Central Scientific-Research Institute for Ferrous Metallurgy 


(Presented by Academician G. V. Kurdyumov July 7, 1959). 


A study of the thermodynamic properties of the solid solutions in the nickel — chromium system should be 
of interest for a variety of reasons. In particular, this study should lead to a deeper understanding of the process - 
es which occur in such heat-resistant alloys as Nimonik,* a material which is widely employed in industry, A 
separation or coagulation of the consolidating phase is known to take place in these alloys during their operation 
and preliminary thermal treatment, this process being fixed by the rate of chemical diffusion of the alloying com- 
ponents, Data on the partial thermodynamic potentials of the components are jndispensable to a study of chemic- 
al diffusion, A knowledge of the thermodynamic characteristics of the phases which are present in an alloy 
would also make it possible to independently determine the conditions required for the existence of these phases 
and the miscibility limits of the components, A thermodynamic study of commercial heat resistant alloys is dif- 
ficult because of the large number of components which are present in these materials. Thus a study of the 


nickel — chromium system would be a first step toward investigating the thermodynamic properties of such heat 
resistant alloys as Nimonik, 


The thermodynamic properties of the nickel ~chromium system have been treated in [1,2]. Data on the 
oxidation of chromium in nickel — chromium alloys has been used by Grube and Flad [1] in determining partial 
and integral enthalpies and free energies at 1100 and 1200°. These data show that nickel — chromium alloys are 


characterized by negative values of the heat and entropy of mixing,and by negative departures from ideality 
over the entire concentration range, 


Meijering [3] has analyzed Grube's results and has shown that they are not in conformity with the phase 
diagram for the nickel — chromium system. He considers that the results of [1] are in error, that equilibrium 
was not reached in the nickel-rich alloys, and that the method employed was of low precision in the case of the 
chromium-rich alloys. Measurements on the emf of concentration cells were used in [2] for determining the 
activity of chromium in nickel — chromium alloys at 750°. It was ‘shown that the deviations from ideality are 
negative at the lower chromium concentrations and become positive as this concentration is increased, These 


authors were unable to obtain the temperature dependence of the activity because of the lack of reproducibility 
in the results, 


The present work has aimed at a determination of the free energy, heat, and enthalpy of mixing in the case 
of nickel-rich solid solutions from the nickel —chromium system. This has involved a determination of the 
equilibrium pressures of chromium vapors above alloys of various concentrations and development of more precise 
data on pure chromium, The experimental technique was a combination of the method of radioactive isotopes 
and the Knudsen procedure for the determination of vapor pressures [4]. Vapor pressures were obtained for pure 
chromium and fox alioys containing 3.5, 7.85, 20.3, 27.4, and 41.6 atomic percent of chromium over the tem- 
perature interval from 1100 to 1300°. The experimental data on the chromium vapor pressures are shown in Fig. 


1, the pressures being expressed in dynes/cm*, The following equations give the temperature variation of these 
pressures: 


* Transliteration of the Russian-Publisher's note. 
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Fig. 1. The pressure of chromium vapors (dynes/ cm?) 
above nickel — chromium alloys. 
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The thermodynamic activity of chromium at 
1200° was determined from the equilibrium chromium 
vapor pressures and the activity of nickel then calcu- 
lated through the Gibbs-Duhem Equation. These data 
are shown in Figure 2, The heat of solution of the 
chromium is clearly best calcuJated from the activity 
data of [2]. The error would be much less in this case 
since the data cover a wider temperature range (750-~- 
1200°). Figure 3 gives heats of solution of chromium 
and nickel as determined from the Gibbs-Duhem 
Equation, 


Values of the relative integral thermodynamic 
functions, i.e,, the heat content, AH = AHc; + 
+ XyiMHyj, and the thermodynamic potential, AF 
=RT (Xor In ac, + In were obtained from 
the data on the thermodynamic activities and the 
partial heats of solution, The entropy was evaluated 
from the well-known equation: AS = (AH ~AF)/T. 
The thermodynamic functions for the Ni-Cr systems 
are presented in Fig. 4. 


It is to be seen from Figure 2 that the thermo- 
dynamic activity of chromium is characterized by 
negative departures from ideality at low concentrations 
and by positive departures at the higher concentrations. 
The heat of solution of chromium (Fig.3) is negative 
when the chromium concentration is low and becomes 
positive as the solubility limit is approached, The data 
indicate that a chromium atom is more firmly bound 
to the lattice of pure nickel than to the lattice of the 
solid solution. Certain conclusions of [5] (in which 
it was shown that the activation energy for the dif- 
fusion of chromium in pure nickel is less than for dif- 


fusion in an alloy containing 20% chromium) must be corrected in the light of the present results. It is clear 
that the assertion,given there,to the effect that the chromium atom is more firmly bound to the lattice of the 
solid solution, is to be taken in the kinetic sense, the chromium atom on a lattice point in the solid solution 
being more highly localized and having a higher potential barrier to overcome in order to undergo an element- 


ary act of diffusion. 


Figure 4 gives the concentration dependence of the free energy, entropy, and heat of mixing at 1200°. 
This figure shows that the free-energy excess is negative for nickel — chromium alloys lying in the 0-40 atomic 


% Cr concentration range; above 40 atomic % Cr this excess is clearly positive. The heat of mixing is negative 
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Fig. 2. The thermodynamic activity of 
chromium (1), and nickel (2), in nickel— 
chromium alloys, 
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Fig. 3. The heat of solution of chromium 
(1), and nickel (2), in nickel — chromium’ 
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Fig. 4. The free energy,(1), heat, and entro- 
py of mixing in nickel — chromium alloys, 


(1955). 


(5) P. L. Gruzin and G, B. Fedorov, Proc, Acad. Sci. USSR, 105, No.2 (1955), 


"Original Russian pagination, See C. B. translation. 


for solid solutions falling in the interval of concentrations from 
0 to 43 atomic % chromium, so that there fs an evolution of 
heat when these alloys are formed from the pure components, 
This indicates that the energy of bonding rises as chromium is 
added to pure nickel. It has been shown in [6] that the bond 
strength also rises when chromium is added to nickel. Thus 
there is a certain parallelism between the energy of bonding 
and the bond strength in the nickel-chromium system. 


It is clear from Figure 4 that the entropy of mixing is 
much less than that for the ideal case, the maximum negative 
departure being met at a concentration corresponding to Ni,Cr. 
The observed negative value of the entropy excess obviously 
points either to local ordering or to nonadditivity in the heat 
capacity of the alloy. 


Some interest attaches to a discussion of these results 
from the point of view of quasichemical theory. An inter- 
pretation of these data on the assumption that the energy of 
the solid solution is the sum of the energies of interaction of 
pairs of neighboring atoms leads to the conclusion that the bond- 
ing between unlike atoms is stronger than the bonding between 
atoms of the same kind. And the heat of solution of the chrom- 
ium actually has its largest negative value in dilute solutions 
where each chromium atom is completely surrounded by nickel 
atoms, The heat of solution becomes more positive as the 
chromium concentration is increased and less tightly bound 
Cr —Cr pairs are formed. Nickel is principally bound to nickel 
in solutions in which the chromium atom concentration is low. 
The heat of dilution becomes negative when the chromium 
concentration is increased and the number of more tightly bound 
Nr — Cr pairs rises. Thus quasichemical theory would predict 
local ordering with preferential formation of unlike atom pairs 
on the basis of our data. It is interesting to note that the Ni,Cr 
superstructure which was observed in [7, 8] is also characterized 
by a larger number of unlike atom pairs than would correspond 
to a random distribution. 
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THE EFFECT OF THE SURFACE CHARGE OF ZINC OXIDE 
ON THE RATE OF CHEMISORPTION OF OXYGEN 


Kh. Enikeev, L. Ya. Margolis and S. Z. Roginskil, 
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The effect of the surface charge on the kinetics of chemisorption on a semiconductor has been considered 
by a number of authors [1-4]. One of the authors of the present work has recently shown [5] that the energy of 
charging of a semiconducting surface with respect to the underlying body is one of the components of the ob- 


served activation energy, E, for a chemical process which proceeds through charged transition complexes on this 
surface, i.e. : 


AE* = + eAVys, 
where V>. is the total potential difference between the surface and the body of the semiconductor. 


The introduction of an additive into a semiconductor will affect the value of E..., by displacing the 
Fermi level and altering its distance from the band edges in the body of this material, The change in the activa- 
tion energy, ae will be almost identical with the band bending if the Fermi level is fixed in the body of 
the semiconductor, The controlling band undergoes continual displacement as the coverage rises during chemi- 


sorption on a nonuniform surface, the observed value of AE for this adsorption (at fixed initialE) being re- 
presented by a sum 


AB, = AE,-+ 


in which AE, is the change resulting from a shift over the distribution,and AE, is the distortion in the distribu - 
tion arising from the surface charge, Such superposition of effects is not met in catalytic processes, but it is one 
of the principal complicating factors in determining the charge effect in the mechanism of chemisorption on ac- 
tual adsorbents and catalysts which are always nonuniform. The experimentally observed alteration in the work 
function, Ag, can serve as a measure of the energy band bending , AVp, on the semiconducting surface 
when molecules of low dipole moment are irreversibly captured by this surface, 


The initial surface potential must be varied over wide limits in order to develop the relation between the 
charge and the rate of chemisorption. The impregnation of ZnO with dissolved ZnSO, with subsequent heating 
to 450° will increase the work function, ¢ , by 0.5 ev with respect to its value for pure ZnO. G. M. Zhabrova 
has used tagged s® to show that this ZnSO, is firmly bound to the ZnO surface, The value of gy can be reduced 
considerably by introducing Li,O into the ZnO, 


The Deryagin filtration method was used here to measure the specific surfaces of ZnO specimens containing 
various additives and led to the results shown in Table 1. 


The alteration in the work function of the ZnO was obtained by using the vibrating condenser method [6] to 
measure the difference of contact potentials. Adsorbed oxygen was removed from the surface of each specimen 
by heating to 350 —400° in an atmosphere of carbon monoxide with subsequent evacuation to 10° mm of Hg. 
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TABLE 1 TABLE 2 


The Specific Surface of Adsorbents Prepa- Contact 
ration atalyst tential 
Prepa- no. relative to 
ration Adsorbent face (m*/g) gold 
no, 


j ZnO + 8% LixO —0, 
4 
ZnO 15% ZnSO, 296 ZnO + 15% ZnSO, | +4,30 


TABLE 3 


The Alteration in the Activation Energy for Oxygen Adsorption and the Surface 
Charge of Pure Zinc Oxide and Modified Zinc Oxide 


Alteration in Activation energy, 
Prepa; work function, kcal/mole Alteration 


in the acti- 
Catalyst from from the acover vation energy, 


Zel'dovich- kcal/mole 
Roginskii 


on 


19 
7,9 


ZnO 

ZnO + 8% 
ZnO +0, 1% ZnSO, 
ZnO ++ 15% ZnSO, 


2:10" 


2 40 60 8 min 20 40 60 80 min 


m1/ m? m1/ m?* 

2:10 
4 

410? 


t 


Fig. 1. Kinetic isotherms for the 342° adsorption of oxygen: 


1) on ZnO, 2) on ZnO + 8%Li,O; 3) on ZnO + 0.1% ZnsOg 
4) on ZnO + 15% ZnSO,. 


The difference in the contact potentials of the specimen and a gold reference electrode was measured to within 
+ 0,01 volt at room temperature, The measured values were reproducible to within 0.05 volts, Table 2 gives 
values of the contact potentials (or the alteration in the work function, ¢) for pure ZnO and for ZnO which had 


been modified by additives. The value of the work function relative to pure ZnO was increased by the addition 
of ZnSO, and diminished by the addition of Li,O. 
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Figure 1 gives the 342° kinetic isotherms for the adsorption of oxygen on pure ZnO and on modified ZnO. 
This figure shows that the chemisorption of oxygen was accelerated by Lit and retarded by SO, 


Kinetic isotherms were developed at 242, 300, and 430°, and from these energy of adsorption was deter - 
mined, Table 3 gives values of the activation energy for the adsorption of oxygen on pure ZnO and on ZnO 
containing additives, The activation energy for chemisorption was determined from the initial rate (at the end 
of 3 minutes) using the equation W = Wye" 4 with q = 0, and from the isothermal rates, 


The alteration of the activation energy for oxygen adsorption on ZnO containing added Li,O or ZnSO, is 
compared with the alteration in the value of g in Figure 2, The relation between AE and Ag is linear to 
within approximately 2 kcal, the limit of experimental error, This straight line has a slope of almost exactly 
45°, It is to be noted that the rate of adsorption altered only insignificantly (~ 100 fold. in this case) although 
the energy of activation was greatly affected by the change ing. This is to be explained by the existence of a 
compensating effect which will be reported on separately, 


The rate of adsorption fell and the value of ¢ increased as the surface was progressively covered with the 
adsorbed O2, the effect being the same as that resulting from an increase of the potential barrier by irreversible 
introduction of an additive.The maximum change of ¢ in the adsorption of oxygen on ZnO or on ZnO + 8%. 
LigO was about 0.2-0.4 ev (4.5-9 kcal) in these experiments, the associated increase in the activation energy 
being 5-9 kcal. 


We have shown earlier [7] that the ¢ value for ZnO increases linearly with the oxygen coverage when the 
latter is less than.1%,i.e., that Ap = Y q, where q is the amount of adsorbed O, per 1 cm’, and that Ag 
= y log q for ZnO + 8 Li,O at high coverage. Assuming that the oxygen adsorption occurs exclusively on the 
surface and introducing these Ay, coverage relations into the equation for the adsorption rate 


for the case Ay=y logq. 


Figure 3 gives kinetic isotherms for the adsorption of oxygen on ZnO containing added Li,O or ZnSO,4. The 
surface potential of ZnO + ZnSO, varied linearly with the oxygen coverage so that the adsorption kinetics for this 
material follow the Zel'dovich-Roginskii Equation. The work function for ZnO containing Li,O was logarithmic - 
ally related to the oxygen coverage and the adsorption kinetics follow the Benkhem'Equation, This indicates 
that the kinetic isotherm is fixed by the surface charge at which the oxygen adsorption takes place. 


The time dependence of the potential in adsorption could be had by substituting for q in Equation (1) to 
obtain 


lg (t+ to). 
A similar substitution into Equation (2) led to 
Ap = Ig (t + to). 


* Transliteration from the Russian. 


dq — Ae 

ai Aexo 

gave the Zel'dovich-Roginskii Equation [8] 

for the case Ay = y q, and the Benkhem Equation [9] 

W; =: = (2) 
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These relations are actually observed to hold for 
kealfnole ZnO and for ZnO containing 8% Li,O. 


se 4 These results show that there is a simple relation 
between Ag and AE in the kinetics of chemisorption. 
It should be noted that this relation is dependent on the 
type of additive and the method of its introduction into 
the semiconductor, whether this be by adsorption, by 
surface capture, or by the formation of a bulk solid solu- 
tion. 


The fact that this relation is valid in the area of 
ZnO containing bulk-dissolved Li,O indicates that the 
work function is a determining factor in fixing the kine- 
tics of chemisorption, The surface charge in oxygen 
Fig. 2, The relation between the adsorption, or in ZnSO, capture from solution, will affect 
alteration in the activation energy the adsorption kinetics in so far as it alters the experi- 
for the chemisorption of oxygen as mentally measured valueof the work function. The 
calculated from the initial rate and adsorption of a mixture of one donor and one acceptor 
the alteration in the work function gas (such adsorption is frequently met in catalysis, an 
for ZnO (1), and for ZnO with 8% instance being the catalytic oxidation of CO by oxygen on 
Li,O (2); 0.1% ZnSO, (3); or 15% NiO) results in the adsorption of one of these gases being ac- 
ZnSO, (4). celerated by the adsorption of the other. This can possibly be 
explained by the fact that the catalytic reaction sometimes 
proceeds more rapidly than the adsorption of either of the gases. 


In conclusion, the authors wish to express their 
thanks to G. M. Zhabrova for furnishing the specimens 
of zinc oxide containing the additives and to M. Ya, 
Kushnerey for x-ray and electronographic analyses of 
these specimens, 
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A NEW TYPE OF CURRENT DISCONTINUITY IN THE REDUCTION 
OF THE BrOgs ANION AT THE DROPPING ELECTRODE 


V. I. Zykov 


The All-Union Scientific Research Institute for Aviation Materials 


(Presented by Academician A. N. Frumkin May 29, 1959) 


The literature [1-7] has described a certain current discontinuity on the polarization curves for reduction 
of various oxygen-containing anions of the XO, type which occurs at fixed potential as the result of autocatalysis 
of the electrode reaction, An indispensable condition for the appearance of such discontinuity in unbuffered elec- 
trolytes is the presence of tri-, or tetra-, valent cations such as those of lanthanum or cerium. 


This discontinuous increase in the current can also be observed when the bromate anion is reduced against 
a background of doubly charged cations under certain definite conditions (Fig. 1). These conditions can be real- 
ized by adding increasing amounts of the (C4Hy), N+ cation to a BaC], solution containing BrO;*ig.1,curve 2).The 
present experiments were carried out with a dropping mercury electrode which had a capillary of circular cross- 
section, This electrode had the following characteristics: rate of mercury flow with a 300 mm mercury column, 
m = 1.96 mg/sec; drop period measured in 1.0 M KC] at 25°, with n = -0.46 volts and a pressure of 300 mm of Hg, 
T = 3.1 sec, Potentials were measured against a saturated calomel electrode, 


The first signs of an anomalous current, potential relation are met at tetrabutylammonia concentrations of 
the order of 10M Fig.1,curve 3), The curvature of the initial wave segment at first markedly increases,and at the 
same time the wave is displaced in the direction of more negative potentials. Displacement continues in the 
negative direction with increasing curvature of the initial segment of the polarization curve as the tetrabutyl- 
ammonia concentration risesFig.1,curves 4,5),A current discontinuity appears on the steep portion of the wave (up 
to its merging with Curve 1) when the additive concentration is in excess of 9 ° 10~* M(Fig.1,curves 6-9). The po- 
tential of this current discontinuity moves in the negative direction as the tetrabutylammonia concentration is 


increased, Figure 2 shows, however, that the rate of increase of this movement sharply diminishes as the additive 
concentration rises. 


An increase in the bromate ion concentration at fixed concentrations of background and added (C4Hg)4 N* 
leads to a proportionate increase in the value of the saturation current, the position of the wave with respect to 
the potential axis remaining unaltered, The igat, VPHg relation indicates that the saturation current on the 
bromate wave is a diffusional current,regardless of the concentration of the added (CyHg)4 Nt. There is no 
hysteresis loop when the polarization curve is developed in the opposite direction, working from the more negative 
to the more positive potentials. Current discontinuities of this type are not met when the doubly charged cations 
of the background are replaced by alkali metal ions, 


It is interesting to compare the above results with the data of Figures 3 and 4* on the effect of tetrabutyl- 
ammonia on the reduction of and IO, against a LaCly background, The (CyH9), N* concentration for curve 


6, Fig. 1, is less by several factors than the concentration for curve 5Fig.3 and curve 13,Fig.4, but these latter curves 
show only an brupt rise in the current with no discontinuity. 


*The observations on the reduction of iodate anions against a LaC], background in the presence of (CqHy), N+ are 
of interest in themselves and we propose to consider them in detail in a separate communication. 
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Fig. 1. The reduction of BrOg on a BaCl, back- 
ground with added tetrabutylammonia, Solution 
compositions: 1) 0.1 M BaCl, background; 2) 

0.1 M BaCl, + 1.96 10° MKBrOy; 3) the same + 
+1.57°107~4 4) the same + 3.14 . 10+, 5) the 
same + 4,70 +104 6) the same + 9.23 10~4 7) 
the same + 2.40 - 107; 8) the same + 3.62 + 1073; 
9) the same + 1.20 * 107" M (CyH),NI. 


40° 60° 
1] ——> 


120M 


Fig. 2. The relation between the dis- 
placement of the potential correspond- 
ing to the current discontinuity in the 

reduction of BrOg ona BaCl, back- 
ground and the concentration of added 
tetrabutylammonia, 


going from essentially zero to the value corresponding to the desorption potential in the absence of (C4Ho), 
Further alteration in the current strength with increasing negative potential of the cathode is the result of diminish- 
ing energy of activation, just as in the absence of the tetrabutylammonia, and it is for this reason that Curves 3-9 
of Fig. 1 coincide with Curve 2 at potentials more negative than the desorption potential, The displacement of the 
discontinuity potential in the negative direction with increasing concentration of the added (CyHy), N’ is tied up 
with the displacement of the desorption potential of these latter ions. 


In this connection it is worth noting that the poten- 
tial for the current discontinuity in the case of curve 6, 
Fig. 1, is more negative than the 9, 7, value for the re- 
duction of BrOg (Fig. 3, curve 5) or Og (Fig. 4, curve 13) 
against a lanthanum chloride background, 


The following conclusions can be drawn from this 
experimental material: 


1. The current discontinuity in the reduction of the 
bromate anion against a background of alkali metal cations 
in the presence of (C4Hg), N* arises through a mechanism 
which is different from that met in autocatalytic discon- 
tinuities; 2) the discontinuous alteration in the current 
results from an alteration in the double-layer structure as 

a consequence of an abrupt desorption of the tetrabutyl- 
ammonia cations at fixed potential [10]. For this reason, 
the discontinuities which are described in the present work 
could be designated as desorption discontinuities, 


The study of the mechanism of this effect can follow 
the same bath as has been marked out in investigating the 
kinetics of the bromate-ion reduction and its dependence 
on the nature and charge of the cations of the indifferent 
electrolyte [8,9]. The starting point here is found in the 
assumption that a mobile equilibrium is established between 
the reducing BrOg anions and the M* cations which are 
adsorbed on the electrode surface 


M?+-+BrO, 2[M?+. 


ion pairs being formed with those BrOg anions which par- 
ticipate in the reaction. 


From this point of view, the retarding effect of add- 
ing (C4Hy), N” cations to solution is the result of a reduction 
of the surface concentration of the reacting particles due to 
displacement of Equilibrium (1) to the left. A comparison 
of | the adsorbabilities and ionic radii of the (CgHg), N” and 
M cations will make this understandable, The Mtcations will 
be displaced from the double layer and replaced by the 
specifically adsorbing (C,H), N* cations when the latter are 
added to the solution, The probability that a BrOg will form 
an ionic pair with so large a cation as a (C4Hy)4 N*is less 
than the probability for the formation of a pair with an Mt 
cation,so that the concentration of particles in the iayer ad- 
jacent to the cathode will fall,the rate of reaction at given 
potential will diminish,and the wave will be displaced in 
the negative direction, The normal structure of the double 
layer is abruptly reestablished at the desorption potential for 
the tetrabutylammonia and the current sharply increases, 
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The lack of a current discontinuity on curves 5 and 13 of 
Figures 3 and 4 for the reduction of BrOg or IOs on a La®’ cation 
background in the presence of tetrabutylammonia {fs clearly due 
to the fact that the reduction of these anions begins here at po- 
tentials under which the (C4H,), N+ cations are not yet desorbed, 
the desorption potential being reached at the saturation value of 
the current, There is also the possibility that tetrabutylammonia 
desorption in the presence of La*” cations takes place gradually, 
over a certain potential interval, rather than abruptly, at fixed 


potential, but this is a point which needs further experimental 
checking, 


= 


It is to be understood that the kinetics of BrOs reduction on 
a background of alkali metal cations need not be affected by 
addition of tetrabutylammonia , since the reaction is taking place 
here at potentials (-1.85 v in 0.1 MKC) under which the(C,H,),Nt 
is not yet adsorbed, The BrOg wave does not appear at all on 
a background of (C,Hs), Nt and (CyH), N* which does not con- 
tain alkali metal cations, This fact can be explained by extensive 
displacement of Equilibrium (1) to the left. 
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Fig.3, The reduction of BrOg on a LaCl, 

background with added tetrabutylam- 

monia, Solution compositions: 1) 1.28 

+10? M LaCl, + 1.27 10°° MKBrO3; 2) 

the 4.0°10~ 3) the same 

This is not the only point of view which can be adopted in 

interpreting the mechanism of the retarding action of adsorbed 

organic Ry N* cations on the reduction of anions of the type XO3. 


Fig. 4. The reduction of IOs on a LaCls background in the 
presence of added tetrabutylammonia. Solution composition: 

1) 0.1 M LaCl, + 1.5 - 10-°*M KIO,; 2) the same + 6.9 - 107; 

3) the same + 1.03 -10~; 4) the same + 1.38 - 10%, 5) the 
same +1.72+10~ 6) the same + 2.07° 107; 7) the same+ 

+ 2.41° 10-4 8) the same + 2.76 - 1074 9) the same + 3.45- 

- 104 10) the same + 4.14+ 11) the same + 2.52°104, 

12) the same + 8.97 - 1074, 13) the same + 4.20 *10-? M(C,H,)NBr. 
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A. N. Frumkin has shown that this retardation can also be explained by taking account of the alteration in the 
local ¢, potential at the point where the reducing anion is located during adsorption of the R,N+ (9, 10]. The 
mean ¢ ~potential is displaced in the positive direction, but it is still possible that the local y, -potential would 
move in the negative direction and thereby bring about a retardation in the process, 


An effect which is similar, but of opposite sign, has been observed in the reduction of the persulfate anion 
in the presence of tetrabutylammonia [10, 11]. Direct measurements of the potential dependence of the differ- 
ential capacity of the mercury electrode have shown that the accelerating effect of the (C4Hg), N* cation on this 


reaction diminishes at the desorption potential of these ions, the current falling sharply to the value which is ob- 
served without the tetrabutylammonia, 


I wish to express my deep thanks to Academician A. N. Frumkin for his valuable advice and for discussion 
of this work, 
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1, 5-DINITRONAPHTHALENE SYSTEMS BY THE METHOD 

OF MONOCRYSTAL GROWTH 
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(Presented by Academician N. V. Belov June 12, 1959) 


The conditions which are required for forming solid solutions of organic compounds, and the requirements 
for complete miscibility of such substances, were formulated in 1956 - 1957 [1]. The data reported in the litera - 
ture on many systems which had been studied by the thermographic method are not consistent with this theory 
and it has been shown that the phase diagrams for these systems are probably in error, A systematic program for 
establishing correct phase diagrams for these systems has been carried out in this laboratory. 


The Determination of Phase Diagrams by the Method of Monocrystal Growth 


It is known that the low sensitivity of the thermographic method is especially significant in developing phase 
diagrams for organic systems [2] for there is a pronounced tendency toward supercooling in these systems and the 
heats of phase transition are low. It often happens that an organic eutectic,even one in the interior of the dia- 
gtam, can only be made to crystallize by the introduction of “seeds” into an intensively agitated,strongly super- 
cooled melt, while many eutectics in the fields adjacent to the pure components will not crystallize at all under 
the conditions which prevail during the recording of the cooling curves, All of this has forced us to seek other 
methods for testing those reported phase diagrams which clearly fail to conform to the theory, 


A method for developing phase diagrams under conditions giving maximum approach to reversible melt 
crystallization has been worked out in this laboratory [3,4]. A tube crystallizer closed by a stopper carrying a thin 
sharpened wire of low thermal conductivity was placed into a thermostat which had transparent walls. Mono- 
crystals of the components, or of solid solutions of these components, grew from the end of this wire in the crystal- 
lizer, With a thermostat of high stability (the temperature variation did not exceed 0,05° in the present case) 
and minimum supercooling of the melt (by 0.1-0.2°) it was possible to grow several reasonably uniform mono- 
crystals(about 10 mg, total) from 3-4 g of a given melt in 8-10 hours, The liquidus curve was constructed from 
the melting points of these crystals in the melt (it has already been pointed out that the melting temperature, tj, 
is higher than the crystallization temperature, tg, by 0.1-0.2), the number of phases being determined either by 
X-ray analysis or by visual observation of the form of the growing crystal. 


The crystals were removed from the melt and used for determining the solidus curve. The solidus curve 
could be located readily from microanalyses of the crystals for an element which was present in only one of the 
components, A method based on the exact knowledge of the liquidus curve was used in those cases in which the 
two components had the same composition. The composition of the monocrystals of the solid solution is dif- 
ferent from that of the solution in which these crystals are growing and these crystals will therefore melt over a 
different temperature interval, These crystals were introduced into a wide capillary (D * 2 mm) which was then 
sealed, placed in a thermostat and heated; first signs of a "rarefraction” in the capillary appeared at the tem- 
perature t, of the point on the liquidus which corresponded to the melt out of which these crystals were grown. 
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TABLE 1 


mole 


Melt gpmpositior 


Temperature* , C 


60 
55 
50 
40 
20 
0 


Naphthalene 


External form of | 


Solid phase composition, 


49,7 49,6 
60 50,3 50,4 
80 53,7 

57,3 


*t, is the melting temperature for fusion of the crystals into the melt and t, is the tem- 
perature ofcrystal growth, 


B -Cl-Naphthalene 


G 20 40 


data of the literature), 


60 60 00 mole % 


-Cl-Naphthatene—- 
Fig. 1. Phase diagram for the naphthalene — g - 


Cl-naphthalene system (the diagram represented 
by the dashed curves was developed from the 


Figure 1 (the diagram represented by the dashed curves has been described earlier in [5]) shows that there 
is only limited solid state miscibility in the naphthalene — B -Cl-naphthalene system (Roozeboom's Type V). 
Monocrystals could not be grown from mixtures falling in the interval of concentrations from 30 to 45% B -Cl- 
naphthalene; here points on the liquidus curve were located from the melting of the polycrystalline fibers which 
grew on the wire and the boundaries of the region of limited solubility were fixed by the beginning of "softening" 
of the solidified melts (this softening occurs at 49.3-49,5° in the interval from 30 to 50% 6 -Cl-naphthalene), 
The eutectic point was located at 49.3° and 41.5% 6 -Cl-naphthalene by extrapolation of the two liquidus curves. 
X-ray structure diagrams were used in deciding whether monocrystals belonged to the naphthalene or the 6 -Cl- 
naphthalene phase, even though these substances have different crystalline forms, The solidus line was located 
from microanalyses for the chlorine content of the monocrystals. 


same 
same 
petals 
same 

same 
same 


crystals mole % 

naphtha - naphtha ty ‘ | naphtha- 
lene lene | lene 

100 0 80,0 79,9 |plates 100 0 

90 10 76,2 76,4. |same 

80 20 68,4 68,2 same 93,49 6,54 

70 30 61,9 — fibers - grow = = 


43,9 56,4 

32,5 67,5 

14,0 86,0 
00 


The temperature t, at which the last “solid” grain melt- 
ed into the liquid could be fixed satisfactorily by raising 
the temperature so slowly that equilibrium was always 
maintained between the liquid and solid phases in the 
capillary. The foot of a perpendicular dropped onto the 
axis of abscissas from the point of intersection of the 
horizontal with the already-known liquidus curve gave 
the crystal composition, and the intersection of this per- 
pendicular with the t, -horizontal fixed a point on the 
solidus curve. This method was tested on the acridine — 
~anthracene and naphthalene— 6 -Cl-naphthalene systems 
for which the liquidus curves had been located by micro- 
analysis, and gave satisfactory results, 


Phase Diagrams for the Naphthalene —8 - 


Cl-Naphthalene and the 1, 8-Dinitronaph- 
thalene — 


5-Dinitronaphthalene Systems, 


The thermographic data of the literature on the naphtha - 
lene — 6-Cl-naphthalene [5] and the 1, 8-dinitronaph- 
thalene — 1, 5~dinitronaphthalene systems [6] point to 
complete miscibility in the solid state with a minimum 
(Roozeboom’s Type II). Our theory shows that it is im- 


possible to have complete miscibility in these systems, Results from a study of the naphthalene 6 -Cl -naphtha - 
lene system are given in Table 1. 
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TABLE 2 


Melt composition, mole % Temperature * °C External form 


crystal 
t, t, 


168,8 Rhombohedra 
155,8 same 
148 ,2 same 


149,8 Needles 
157, 1 same 
169,8 212,6 same 
180,3 same 
188,2 24: same 
194,8 242, same 
203 ,9 same 
210,3 242.4 same 
212,9 2412 \jsame 


*t, is the melting temperature for fusion of the crystals into the melt, t, is the tem- 


perature of crystal growth, and t, is the temperature at the end of melting in the capil- 
lary. 


The results from our study of the 1, 8-dinitronaphtha- 
lene — 1, 5-dinitronaphthalene system are shown in Table 2 
and Figure 2 (the diagram represented by the dashed curves 


{8-Colt,(NO,), 5-CgH,(NO,), was constructed from the data of Pascal [6]). 


This system also showed only limited miscibility in the 
solid phase, It differed from the preceding system in that 
good rhombohedral crystals (1,8-dinitronaphthalene phase) or 
needles (1, 5-dinitronaphthalene phase) could be grown at all 
concentrations, Extrapolation of the two liquidus curves gave 
a eutectic point at 147.3° and 23.9% 1, 5-dinitronaphthalene 
in the melt; rhombohedral crystals and needles grow simultan- 
, ee? eee eously from a melt of this composition at 147.2° (see Table 2). 
20 40 =G =8 §=N mole % The solidus line was located by observation of the melting of 

1,5-dinitronaphthalene——~- crystals taken out of the melt, The extension of the eutectic 
Fig. 2, Phase diagram for the 1, 8-dinitro- line from 2 to 95% 1, 5-dinitronaphthalene was also based on 
naphthalene — 1, 5-dinitronaphthalene system visual observations; a liquid phase appeared when solidified 
(the diagram represented by the dashed curves melts lying in this concentration range were heated to 147.3- 
was developed from the data of the literature), §_147.5°, with final melting at the liquidus curve, 


It is to be noted that the rhombohedral crystals of 1,- 
8-dinitronaphthalene and its solid solutions decompose on cooling. Optical measurements showed that these 
crystals should be classified as having monoclinic syngony whereas crystals of 1, 8-dinitronaphthalene grown 
from alcoholic solution at room temperature have the form of right prisms and possess rhombohedral syngony. 
It is clear that 1, 8-dinitronaphthalene has two enantiotropic modifications. 
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KINETIC STUDIES OF SORBENT STRUCTURES 
THE PERMEABILITY OF ACTIVE CHARCOALS WITH PARTIALLY 


BLOCKED PORES 
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The Institute of Physical Chemistry of the Academy of Sciences of the USSR 


(Presented by Academician M.M. Dubinin July 7, 1959) 


Active charcoals will in general show three types of pore: micro, intermediate, and macro, The methods 
which have been developed for studying the porosity of sorbents (sorption methods, mercury porometry, electron 
microscopy, etc.) have made it possible to determine satisfactorily the dimensions and volumes of each of these 
pore types, the distribution of pore volumes over dimensions, and (tc a certain degree) the interconnection be- 

tween the intermediate pores and the micropores (electron microscopy), It has not been possible to establish the 
existence of connections between the micropores and the other types of pores through electrom-microscopic studies. 
The problem of the connection between the various types of poreseis of fundamental interest to the study of ma- 

terial transfer in porous sorbents, 


Dubinin, Zhuk, and Zaverina [1] have studied the 
interconnection of the various types of pores in charcoal 

by using the thermal decomposition of benzene vapors at 
900° to progressively deposit nonporous, crystalline carbon 
on the grain surface and in the pore volumes, Investigation 
of the resulting charcoal specimens confirmed the theory of 
the ramified porous structure of active charcoal which had 
been advanced earlier by these authors; this theory considers 
the micropores to be offshoots of the intermediate pores and 
the latter to be offshoots of the macropores, Wicke has 
adopted a similar view concerning the porous structure of 
active charcoals in [2]. 


Plachenov [3] has expressed the opinion that the micro- 
pores are interconnected to form an independent transport 
system. This conclusion was reached on the basis of sorption 


Fig. 1. Diagram of apparatus; 1) stopcock with kinetic studies and discharge curves for charcoals whose 

grains of charcoal; 2) differential manometer; coarse pores had been filled with mercury. These two papers 

3, 4) connections to manometer section and vac- _[1, 3] essentially exhaust the attempts which have been made 

uum pump; 5) stopcock; 6) timer; 7) ground to develop experimentally the interconnection of the various 

metallic insert in opening of stopcock, types of pores and even their results are not completely con- 
cordant, 


We have continued the study of this problem by measuring the permeability of active charcoals with 
partially blocked pores, The essence of this method is as follows. The permeability of the charcoal was first 
determined with respect to helium and nonadsorbing gas. Vapors of isopropyl alcohol were then adsorbed onto 
the charcoal at a pressure corresponding to filled micropores (these pores are filled at a relative benzene pressure 
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Fig. 2. Permeability of charcoal I to helium: 
1) charcoal in initial state; 2) with filled 


micropores; 3) with filled micropores and 
intermediate pores, 


TABLE 1 


Brief Characterization of the Charcoals 


Pore volumegm*/g| « 

£1 8 | 
I 0,33 } 0,10 | 0,25 | 3 5—6§ 
| 0/38 | 0105 | 0/31 | 4,6 [3—3,5 


4 
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Fig. 3. Permeability of Charcoal II to he- 
lium: 1) charcoal in initial state; 2) with 
filled micropores; 3) with filled micropores 
and intermediate pores. 


of p/ps = 0.17, according to Dubinin [4], and the corresponding 
pressure of isopropyl alcohol is p/ .* 0.22) and the permeability 
once more determined, The intermediate pores of this same 
specimen were then filled at saturated vapor pressure and ex- 
periments once more carried out, Desorption of the alcohol 

from the charcoal was avoided in these last two cases by using 
helium - alcohol vapor mixtures of requisite concentration in- 
stead of pure helium in determining the permeability. 


The essentials of the apparatus which was used in these 
experiments are sketched in Figure 1. The volumes V, and V, 
were joined hy the special stopcock 1 which contained one or 
several grains of charcoal, The structure of this cock and the 
method of inserting the grains in it are shown in the figure. 
Piciene, Wood's alloy, and paraffin were used as lubricants in 
order to assure vacuum-tight attachment of the grains. The 
system was evacuated to high vacuum with cocks 1 and 5 open, 
after which these cocks were closed,and the working gas pres- 
sures, py and pp, were established in the volumes Vj, and V». 
The initial pressure difference was 60 mm of Hg. The apparatus 
being in readiness for the experiment, cock 1 was opened and 
the gas allowed to flow through the grain from one volume into 
the other, The timer was turned on automatically as soon as 
the pressure had fallen to 40 mm of Hg and the time of flow was 


recorded, The permeability of the charcoal was evaluated from 
the equation 


(VitV.)¢ Fo 


in which vi and V} are the system volumes with correction 
for the volume change in the manometers, py and p) are the 
initial gas pressures, py and p, are the pressures, py and py are 
the pressures at the time t , and I and F are, respectively, the 
length and cross-sectional area of the charcoal granule, 


These experiments were carried out with granulated char- 
coals which had been obtained from anthracite coal or paper 
pulp tar by the water-gas method at laboratory conditions, A 
brief characterization of these charcoals is given in Table 1. 


The experiments were performed at 20°. The results are 
shown in Figures 2 and 3 where the permeability is given as a 
function of the mean pressure 


It is clear from these figures that the permeability di- 


minished when the micropores and intermediate pores were filled, Similar observations were made in each of 
the experiments, although the diminution in the permeability varied from grain to grain because of nonuniform - 
ity in the charcoal, The data are well described by the Adzumi Equation [5]. 


K=A-- Bp (2) 


in which A and B are constants whose yalues depend on the structure of the sorbent and the nature of the gas. 
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The terms A and Bp can be looked on as the contributions to the permeability arising from molecular flow and 
from viscous flow, respectively, 


Active charcoal contains pores of various diameters,and molecular and viscous flow can occur simultan- 
eously over a wide interval of pressures, 


The data of Dubinin [4] indicate that the most probable values of the radii of the micropores, intermediate 
pores, and macropores are: = 8 10% cm; ry = 4- 10°? - 2° 10 Sem, and Ima = 2 104 -5+-10% cm. The 
mean free path of the helium molecule at the working pressures ist,,, = 2.6°10 - 1.2- 10 cm. 

Thus molecular flow will occur in the micropores and in the intermediate pores, whereas the flow in the macro- 
pores will be viscous, The preceding graphs indicate that A exceeds actually Bp, whereas the Hagen-Poisielle 
and Knudsen Equations show that the permeability for viscous flow, Bf, at a mean pressure of 100 mm must be 

ten times greater than A if the pores in any one group are identical, independent cylindrical capillaries, From 

this it follows that the micropores and intermediate pores do not make up an independent transport system. This 
conclusion remains unaltered even when allowance is made for the convolutions and noncylindrical form of the 
capillaries, and other corrections are introduced, The marked diminution of the charcoal permeability which 
results from filling the micropores and the intermediate pores can be explained only if it is assumed that there are 
macropores which are joined through micropores, and macropores which are joined through intermediate pores. 


If molecular flow were limited to these porosities it could also be expected that A would fall almost to 
zero when the micropores and intermediate pores were filled. Thus it must be further supposed that there will 
be molecular gas flow in certain of the smaller macropores. The same considerations as were outlined above 
would indicate that these latter pores are only connecting links for still coarser pores , Thus these studies of 
specimens of active charcoal have also disclosed several variants of pore interconnection. 


LITERATURE CITED 
{1] M. M. Dubinin, G. S, Zhuk, and E, D, Zaverina, J. Phys. Chem., 31, 1126 (1957) [USSR]. 
[2] E. Wicke, Koll, Zs., 93, 129 (1940), 
[3] T.G. Plachenov, Reports, Scientific-Technologic Conference on Sorbents, Leningrad, 1957. 
[4] M. M. Dubinin, Prog. Chem., 24, 3 (1955) [USSR]. 
[5] A. Adzumi, Bull, Chem, Soc, Japan, 12, 304 (1937). 


Received July 4, 1959, 


2 
= 
969 


4 


THE EFFECT OF AGING ON THE STRUCTURE, ELASTIC RECOIL, 
SHEAR STRENGTH, AND RELAXATION TIME OF ALUMINUM 
NAPHTHANATE GELS 


A. A. Trapeznikov 
The Institute of Physical Chemistry of the Academy of Sciences of the USSR 
(Presented by Academician S,. I. Vol'fkovich June 19, 1959) 


The gradual aging of aluminum soap gels leads to alterations in the maximum high-elastic deformation 
(maximum elastic recoil), structural strength, and relaxation time for deformation,which are of considerable 
interest for an understanding of the nature of gels and their rheological properties, Aging and maturing are pre- 
liminary steps in the swelling and partial dissolution of the soap granules, 


The present investigations were carried out on low-concentration gels which showed a very rapid and clear- 
cut aging, A powder of the aluminum naphthanate soap (Batch No.24) was ground in a mortar until the granule 
dimensions fell below 0,5 mm, after which it was poured into decalin and stirred until setting took place, i.e., 
until a compact structure was formed throughout the body of the solvent. The resulting semiliquid mass was then 
introduced into the cylinder of an elastorelaxometer [1],and curves showing the relation between the elastic re- 
coil, € Pe the shear stress, P, and the deformation € , were plotted one hour later at € #100 sec. Determinations 
of €, were made for each new value of € at one minute intervals,even though this was insufficient time for a 
complete thixotropic regeneration of the P-determining structure, the aim being to keep the time involved in 
obtaining a curve (20 - 30 minutes) short in comparison with the rather rapid aging process. All of this was prac- 
tically without effect on the magnitude of € , [2]. 


The alterations which aging produces in the €, (€) and P (€) curves which are given in Figure 1, curves 
a, b, for the 2% naphthanate gel are quite characteristic. Each € e (€) curve obtained at the beginning of aging 
has a sharp discontinuity at a point € = €; where the €, = € relation breaks down, the value of € ¢ remaining 
essentially constant as € is increased beyond this point. 


As aging progresses, each €, (€) curve gradually diverges from the €, = € line as it approaches the point 


€ = €; (which is undergoing displacement toward larger € values) and passes through a more and more pronounced 
maximum at € eax which is associated with € = € m [3]. 


Each of the P (€) curves has a clear-cut maximum, P = P;* ate =€, at the beginning of aging; the P 


maximum at € + €, moves toward higher € values as aging progresses and approaches € = € a although it 
once more falls at€,<€,, when Tag becomes very high. 


Figure 2 applies to the relaxation of deformation, log €¢ = f (Tag)s ina 2% naphthanate gel at various 


20 2 

values of T ag? the data being presented in the form of curves log @ e* f (Tag) €.= : a . for€eg=e 
Re Ry 

= 9.6, 20.3 and 28.7 (mean values for each curve). Each of these € eX EL Values satisfies the relation €, =€. 


Each curve is composed of a linear segment and a more or less sharply falling curved segment. The slope at any 


*The P, value obtained by this method is somewhat low because of partial structural breakdown and the corres- 
ponding point, € = €,, is displaced toward a lower value which is identical with €,. 


ae 
= 
i 
a 
971 


point of the curve, a » gives the relaxation time, 9° = f (€. €) . The curves for € = 20,9 and 28.7 
show that aging diminishes the inclination of each of these curve segments at low values of T,,,, although the 
slope of the linear portion quickly begins to increase, From this it follows that aging increases the number of 
long structural elements and diminishes the number of those short elements which fix the value of 9 at low €,. 
The slope of each curve segment steadily increases under yery extended aging while 9 falls over the entire 
curve, the indication being that the number of bonds in the system is being reduced, 


Figure 3 gives 9 (T ag) curves which have been plotted 
by using 9 values that were obtained from the linear seg - 
dynes /em? ments of the curves of Figure 2, The maximum in 9 is at 


a0 le ay sk Tag = 4 days and the maximum on the P, (T ag) curve is located 
j | 4 at this same point (see below), 
< at ae ee The curves of Figure 4 show the relation between the 
dynes/em®’ maximum elastic recoil, max» the strength, P,, and T age 
al td td for 1%, 1.5% and 2% naphthanate gels. All of these curves 
he pass through maxima, but max)max fall at different 
& @} points, The strength goes through its maximum value at 0,3- 
i the Shr — ee 4 days and then diminishes, whereas the elastic recoil increases 
“_ fag See fied over a longer period, reaching a maximum only at 1,7 and 62 
a | days, The higher the gel concentration, the more gradual is the 
aging. It might be supposed that falls below 
max)max Only because of a fictitious effect arising from 
MP nt - the increased ease of relaxation in deforming the system. On 
= the other hand, € 6 max (T ag) and P, (T,,) curves which have 
Fig. 1. been obtained fora 1% gel at €= 711 sec show a maximum 


at Tag = 1 day just as do similar curves which were developed 
at € *100sec~, Thus the maxima on the aging curves are 
actually related to structural alterations in the system, reflecting the limiting deformation in its elements. 


— The characteristics of the viscous aluminum naphthanate gels are due to their network structures [4].The 
4 high-elastic properties, strength, viscosity, and thixotropy of such systems are all determined by the number of 
contacts and network branch points, the length and flexibility of the intermediate chain sections, the solvent 
viscosity, and by the other substances which may be present, 


The fact that the €, (€) curves are horizontal beyond €; in the initial stages of aging of the gel indic- 
ates that the structure which fixes the €,; = €; relation is almost instantly regenerated in the €>€, interval. 
Colloidal systems of this kind behave at € = 100 sec-! as plastic solid bodies in which the deformation remains 
constant beyond the elastic limit. The properties of such bodies are probably due to the presence of relatively 
compact particles which aggregate rapidly but relax rather slowly over the time required for reaching a given 
value of € inthe €,>€, interval, These particles undergo partial straightening and microswelling as a result 
of the solvation of the radicals of the organic naphthenic acids which occurs during the aging of the system. 
More and more long, thin, flexible, highly mobile, rapidly relaxing, elements appear in the structure, The pro- 
perties of the system become more and more nearly those of an elastic plastic fluid. The presence of a clear-cut 
maximum, €¢ max, ON the € - (€) curve is to be explained by the fact that the comparatively long structural 
elements rupture when the system passes through ¢ |, and then contract rapidly as deformation is continued be~ 
yond €,,. Thus the coiling of the particles in such a system is more extensive after passing into stationary 
flow than it was at the point of structural rupture, €;,, provided € is not too high, 


The increase in the structural strength at the beginning of aging is the result of an increase in the total 
number of branch points in the network, The simultaneous lengthening of the structural elements leads to an 
increase in (€ e max) - . The decrease in P; which accompanies extended aging (passage through P, .,9, ) js 
clearly to be explained by a decrease in the number of network junctions which leads, in turn, to a further 
lengthening of the flexible intermediate chain segments, This also results in an additional increase in ¢€ 


e max’ 
A reduction in the number of junctions is equivalent, in a certain sense , to a reduction in the concentration of 
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the system, although Figure 4 shows that (€ ¢ max)max 
will also diminish if C is reduced too far. Thus the sys- 
tem reaches maximum elasticity (deformability) during 
either aging or concentrationchange, not when the 
strength is at maximum, but when it has a comparatively 
low value with the longest possible chain segments be- 
tween the branch points and a branch-point concentra - 
tion which is not too high, 


Earlier data [2, 4] indicate that the completed 
€ +m (©) and € e max (©) curves will have maxima at 
relatively low C values which are associated with a loose 
network, 


The diminution in € ¢ max and € ppp in the con- 
centration region beyond the maximum on the & max)max 
= f (C)curve is due to a marked increase in the number 
of branch points and intertwinings,which shortens the in- 
termediate chains, The fact that €, and fall 
below the respective maxima as C diminishes is to be 
related to an excessive decrease in the number of those 
branch points and intertwinings which function as support- 
ing points for the extended chains, The particles remain 
isolated and probably slip over one another in a weakly. 
distended condition so that the value €¢ pax cannot 
become very large, even if there is a marked increase in 
the deformation rate, It is clear that the particles in 
such low-concentration systems can be stretched in pure- 
ly hydrodynamic, stationary flow at very high velocities, 
but this will not assure elastic deformation of the system 
because the particles are not interconnected, Mutual 
penetration of the rod-shaped molecules occurs more 
frequently as the concentration C increases and the num- 
ber of support points (branch points, interternings )begins 
to rise,i.e., a more or less stable network, capable of sup- 
porting reversible deformations which are large in the 
initial stage but diminish as stationary flow is approached, 
is formed. 


The low values of (€¢ max)max for aluminum 
soaps in the low C interval can be explained in terms 
of a decrease in. the chain length resulting from a de- 
polymerization of the chain-like particles, which is 
similar to the decrease in the molecular weight of alum- 
inum laurate that has been postulated by McBain and 
Working [5] from osmotic pressure data, It is obvious 
that this factor would not come into play in solutions of 
those polymers which have stable chemical bonds in 
their chains, 


Reversible depolymerization of aluminum soap 
gels might result from rupture of those weak coordina - 
tion Al. ..O~— Al bonds which can be presumed to exist 
in the chain along with the stable covalent Al -O~Al 
bonds. 
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The decrease which extended aging produces in € 


e max {8 probably related to the crystallization and 
separation of [6] the Al(OH), of the nuclei which arise from precipitation of the aluminum soap or of the AlOH), 
which comes from such breakdown of the soap chain and would result from transfering a hydrogen atom from a hy- 


droxyl to an acid radical to form a stable covalent bond from a coordination bond Ri. eee 8 —-> Al-O—+RH. 


The chains of aluminum naphthanate gels are highly flexible in such low-viscosity solvents as decalin, so 
that large high-elastic deformations €, can develop or disappear rapidly; this points, in turn, to free spatial 
movement of the gel chains and to the presence of univalent bonds which assure free rotation of the chain seg- 
ments, The recently proposed [7] chain structure in which the oxygen atoms of the carboxyl group coordinate, 


not only with one another, but also with the neighboring aluminum atoms, is not realistic since it would result in 
a rigid chain. The Gray model [8] is more acceptable, 


The author would like to conclude by expressing his deep thanks to L. S. Meshcheryakova for having made 
the measurements, 
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THE EFFECT OF y-IRRADIATION ON THE RATE OF HYDROGEN 
EXCHANGE BETWEEN WATER AND ISOAMYLTHIOL 


K. I. Sakodynskii and N. M. Zhavoronkov, 
C orresponding Member, Acad, Sci. USSR 
The L. Ya, Karpov Institute of Physical Chemistry 


Thus far, only very little work has been done on the effect of irradiation on hydrogen exchange,Bardwell 
and Dyne [1] have found that there is an increase in the rate of isotopic exchange between water and gaseous 
hydrogen under irradiation and that the distribution coefficient is then equal to unity. It is not clear, however, 
whether this results from the fact that the reaction follows an atomic mechanism in the radiation field, or whether 
it is due to some change in equilibrium distribution of the deuterium itself, Varshavskii, Karpov, et al, [2], 


have observed hydrogen exchange in the heterogeneous system gaseous deuterium — solid polymer. Such exchange 
will not occur at all without irradiation, 


We have studied the effect of y -irradiation on the isotopic exchange between water and isoamylthiol in 
a heterogeneous liquid — liquid system. Measured amounts of water, deuterium enriched to 3-5 % (approximate- 
ly 1 g), and isoamylthiol (4-5 g) were loaded into ampules, These ampules were so placed in the field of y -ir- 
radiation from a cobalt source that the radiation intensity was 90 r/sec in one case and 180 r/sec in the other. 
Each ampule was broken open immediately after irradiation and its contents transferred to a separatory funnel. 
The water layer was separated off after long standing and freed from traces of the thiol by a preliminary distil - 
lation, The specimen of water was then subjected to the type of purification which generally precedes isotopic 
analysis; the specimen was vaporized, the vapors passed over copper oxide heated to 700° in a current of oxygen, 
condensed and subjected to microdistillation under vacuum. The drop method of analysis [3] was used in 
determining the isotopic composition of the water, The degree of exchange was calculated from the equation: 


Xo—X 


F = (1— 100%, 


co 
in which X, is the concentration of deuterium originally present in the water, X 7 is the concentration of deu- 


terium in the water T hours after beginning the exchange and X,,, is the theoretical equilibrium concentration 
of deuterium in the water under the experimental conditions, 


All of these concentrations are expressed in mole percentages. The concentration Xg, was calculated from 
the experimental data by using the following equation which is based on the expression for the distribution coef- 
ficient of the deuterium [4]: 


_ B+VB—4AC 
2A 
(a-- 1), 
= 2 Yo(a 1) + AXo, 
== dyy + 2adXo, 


>< 
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here A is the mole ratio of the amounts of exchanging water and isoamylthiol, @ is the distribution coefficient 


between water and isoamylthiol which has the value 2,14 according to [dJ, and yp is the concentration of deuter- 
ium originally present in the isoamyI]thiol, 


The conditions under which the kinetics of isotopic exchange were studied with and without irradiation, and 
the results obtained from this study are presented in Table 1. The effectof y -irradiation on the rate of isoto- 
pic exchange between water and isoamylthiolis shown in Figure 1, These data indicate that y -irradiation mark- 
edly increases the rate of isotopic exchange, the effect being most pronounced in the initial period. The deuter- 
ium distribution itself is unchanged by y -irradiation in this case, 


TABLE 1 


Experimental Results on the Effect of y -Irradiation on the Rate of Hydrogen Exchange, 


i ir- ; Concentration i 
fadlaion, | he SED in equim | Degree o 
radiation, | the amounts of| centration |ter irradiation, | concentration | exchange 
T, hours water and of Din H,O|X,; ,mole % |ofD,Xm, Bes 
thiol, X X,, mole mole % F, % 
Without irradiation 
2 0,9655 4,37 4,25 3,54 14 
6 1, 3098 4,37 4,12 3,70 37 
48 1 ,0278 4.57 3,94 3,72 78 
Intensity of radiation 90 r/sec 
0,5 0, 9244 4,61 4,48 3,67 14 
4 0, 9660 4,57 4,29 3,67 34 
1 1, 2645 9,39 4,53 32 
2 0), 9647 4,57 4,25 3,67 35 
2 (),6375 3,94 3,53 2,88 39 
3 1, 0093 3,94 3,55 3,19 52 
4 1,0558 4,57 3,97 3,73 70 
6 0,9427 4,57 3,91 3,66 T2 
2 0,8520 4,61 3,78 3,61 83 
22 1, 1389 5,39 4,58 4,46 87 
24 1,3863 3,94 3,40 3,37 95 
34 0,8073 4,57 3,92 3,94 102 
Intensity of radiation 180 r/sec 
0,5 0, 9632 4,07 4,29 3,67 
2 0, 9515 4,57 4,10 3,66 5z 
6 09506 4,57 3,83 3,66 81 
12 10263 4,57 3,90 3,75 83 
It was found that irradiation accelerates the hydrogen exchange 
y, only in the § - H group. This conclusion was confirmed by carrying 
106 poi out experiments on the effect on the isotopic exchange between water 
aa | and isopentane of irradiation with y-rays for the same period, In no 
7 | - case was there any observable alteration in the isotopic composition of 
y P P 
the water, The exchange did not exceed 100%, a fact which indicates 
s aa that y ~irradiation did not bring about a redistribution of the deuterium 
within the isoamylthiolmolecule, The considerable increase in the 
0 quantity of tarry products in the final{soamylthiol distillation points to 
7 8” 2 a partial formation of disulfides during isotopic exchange under irradia - 
tion. 
Fig. 1. The effect of y -irradiation . 
on the rate of isotopic exchange be- It is impossible to set up an exhaustive explanation of the ob- 
tween water and {jsoamylthiol a) served acceleration of isotopic exchange under irradiation in terms of 
without irradiation; b) intensity of exceptional ionization effects (radiolysis of water and isoamylthiol with 
radiation, 90 r/ sec; . c) intensity of a subsequent exchange of hydrogen ions) in the present case, The mu- 
radiation, 180 r/sec. tual solubility of water and isoamylthiolis low [6],and the exchange 
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thus takes place between two immiscible phases, There is a great 


% deal of data indicating that isotopic exchange is controlled by dif- 
100 Xe fusional factors. Thus an alteration of the conditions of agitation is 
) [ : d of great significance to the rate at which equilibrium is approached 
rs jc in the exchange reaction; the effect of temperature on the rate of 
60 / oft — b approach of equilibrium is typical of a diffusional process, the activa- 
4 / Zz 4 tion energy for exchange under comparable conditions with fixed inter- 
ee Le facial surface area being 4.2 kcal/mole, Figure 2 presents the data 
on the effect of temperature and agitation on the rate of isotopic ex- 
. / 2 Shr change, Finally, our measurements on the isotopic exchange between 
a ramet water and isoamylthiol in which [4] an inert solvent was used to elim- 
Fig. 2. The effect of agitation and inate diffusional resistance have shown that the rate of exchange is 
temperature on the rate of isotopic rather high, just as predicted by A. I. Brodskii [7]. 


exchange between water and {soamyl- 
thiol; a) without agitation, b) agi- 
tated by shaking at 100 vibrations 
per minute; c) agitated by a paddle 
operating at 250 rev/min; d)agitated 
by shaking at 136 vibrations per min-~- 
ute; €) agitated by shaking at 136 
' vibrations per minute at 80°; f)super- 
sonically agitated, (1] Bardwell and P, Dyne, Cand, J. Chem., 35, 82 (1957). P. 
Harteck, Nucleonics, 14, No.9, 37 (1956). 


A comparison of these data on the acceleration of isotopic ex- 
change between water and {soamylthiol under y ~irradiation with the 
recorded data on the course of this reaction in the diffusion region 
shows that such irradiation can effect diffusional processes. 
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THE TEMPERATURE DEPENDENCE OF THE RADIATIONAL OXIDATION 
OF n-HEPTANE AND n-NONANE 


N. A. Bakh and T‘ung T'ien-chen 
The Institute of Electrochemistry of the Academy of Sciences of the USSR 
(Presented by Academician A, N. Frumkin July 10, 1959) 


Data obtained earlier in our laboratory have indicated that radiational oxidation of hydrocarbons proceeds 
through a non-chain radical mechanism at ordinary temperatures [1]. It has been shown, however, that chain - 
oxidation reactions can be initiated by y -irradiation of these systems at elevated temperatures [2] and can even 
occur at ordinary temperatures in cases such as that of isopropylbenzene [3]. It is of both theoretical and pract- 
ical interest to draw a line of demarcation between these mechanisms, and this can be done through a study of 
the relation between the reaction kinetics, the temperature and the radiation intensity, 


Investigation has been made of the formation of liquid products in 
the oxidation of n-heptane and n-nonane under x-ray irradiation,working 
over the temperature interval from -80 to + 130° and at dose strengths 
ranging from 1+ 10to8-10% ev/cm*~ sec. Oxidation was carried out 
under a continuous flow of oxygen when working in the region from 0 to 
130°, and in cells which were sealed after saturation with oxygen when 
working in the low temperature region, The test hydrocarbons were care- 
fully freed from unsaturated compounds and from traces of peroxides and 
other oxidation products, The peroxides in the irradiated liquids were 
determined by an iodometric method which gave the sum of the hydro - 
peroxides and the dialkylperoxides; the carbonyl compounds and alcohols 
were determined spectrophotometrically as dinitrophenylhydrazones and 
alkyl nitrites, respectively, and the acids estimated by titration with sod- 
ium methylates in a nonaqueous medium. Details of the techniques of 
irradiation, dosing, and analysis will be presented elsewhere. 


The accumulation of reaction products under increasing dosage was 
studied at each temperature, It has been noted earlier [1] that all of these 
oxygen-containing compounds are formed simultaneously with zero induc- 
tion period, The radiational yield, G, was obtained from the slope of the 
initial linear segment of the characteristic curve showing increase in con- 
centration as a function of the dose in the radiational oxidation reaction, 


Fig.1. The relation between the 
temperature and the yield from 
radiational oxidation: 1) perox~ 
ides, 2) carbonyl compounds, 3) 
—" Figure 1 shows yields of peroxides, carbonyl compounds, and acids 
from irradiation of n-heptane and n-nonane at dose strengths in the 7-8 - 
- 10 ev/cm’: sec range, The n-nonane was treated at temperatures above 70°; the yield from oxidation under 
fixed conditions was the same in both of these hydrocarbons, It is to be seen that each product showed one region 
within which the G value was low (~ 1-2 molecules per 100 ev) and independent of the temperature, and another 


region in which the yield increased rapidly with rising temperature, reaching 30-40 molecules per 100 ev in the 
case of the peroxides, 
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The temperature-independent yields must be associated with reactions which do not require an activation 
energy, or with reactions which proceed because of an excess energy inherent in one of the reacting particles. 
The generally accepted scheme of oxidation processes leads to the following as the simplest possible path for 


the formation of the observed reaction products; 


R (2) 

RO» ROOR + O02 or + R-» ROOR; (2) 

RO: + RH ROOH + R; (3) 

RiRsHCO; > RyR2CO 4-OH or  R,R2HCOz > RyCHO + (4) 

RCHO, + RC’ | + RC” (5) 
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Fig. 2. The relation between the logarithm 
of the yield of oxidation products and the re - 
ciprocal temperature: 1) peroxides, 2) carbon- 
yl compounds; 3) acids, 
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Fig. 3. 


The relation between the yield of 


oxidation products and the dose strength; 
1) peroxides at -80°, 2) carbonyl compounds 
at+10°, 3) peroxides at + 70°, 4) carbonyl 


compounds at + 95°, 


OH. 


Only the first two of these reactions require an activa- 
tion energy. From the fact that the yield of dialkyl peroxides 
is independent of the temperature and that the same is also 
true of the yield of hydroperoxides, carbonyl compounds, and 
acids, it can be concluded that it is the excess energy of the 
peroxide radicals which is responsible for the formation of 
these compounds through replacement or isomerization reac- 
tions; this excess can be due to the retention of a certain 
energy when the “hot” free radicals produced in the ioniza- 
tion excitation and interaction of the irradiated liquid com- 
bine with oxygen, or it can be due to a redistribution of energy. 


The yield of each of these reactions should be limited 
and constant over any given temperature interval since the 
number of primary, chemically active particles is fixed by 
the number of acts of ionization, which does not exceed several 
units per 100 ev and is independent of the temperature.Chain 
development becomes possible at sufficiently elevated tem - 
peratures [3]. This process will not interfere with the non- 
chain radical reactions, but will be simply superposed on them. 
The energy of activation for Reaction (2) can be determined 
from the true yield of the temperature-dependent reaction, 
which is the difference between the observed yield and that 
part of the yield which is independent of the temperature.The 
data of Figure 1 have been plotted in the coordinates log G, 

1/T in Figure 2,the b branches being developed from the 
true temperature dependent yields, The fact that logG and 
1/T are linearly related within the range of the temperature 
variation of G shows each product to be associated with two 
independent superposed mechanisms, 


Increase in the yield of peroxides begins at ~40°, where- 
as the yield of carbonyl compounds begins to increase only at 
~ 710° and the yield of the acids, only at ~100°. This leads to 
the conclusion that additional carbonyl compounds are formed 
from the hydroperoxides when these are formed with sufficient 
rapidity, and that additional acids are formed, in turn, from 


these carbonyl compounds, even though induction periods are not observed, The relation between the activation 
energies also justifies such a conclusion,the respective values for the hydroperoxides, carbonyl compounds, and 


= 
O || 
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acids being 15, 20 and 20 kcaY mole, plus or minus 2-3 kcal/mole. A similar sequence of reactions is met in 
thermal oxidation [4]. This does not indicate, however, that the mechanisms are the same in the two cases, 
since the product radicals from radiolysis can be expected to participate in the radiational oxidation. The ques- 
tion remains open as to whether the products from a chain reaction under irradiation are identical with the pro- 
ducts obtained from this same chain reaction in the absence of radiation, Data on methyl oleate indicate com- 
plete identity here [5], whereas work on the oxidation of n-cetane points to considerable differences [6]. 


Nonradiational oxidation caused no complications in our experiments since such oxidation could scarcely 
begin in the time of irradiation needed for a determination of the radiational yield, even at 130°. 


The yield of the alcohols was approximately the same as that of the carbonylcompounds and also showed 
two different characteristic temperature intervals, It differed from the yield of the other products by being tem- 
perature dependent over both of these intervals; the energy of activation is ~ 2 kcal/mole from -75 to + 90° and 


~ 18 kcal/mole above + 90°. It can be supposed that the alcohols are not formed directly from the primary 
peroxide radicals over the first of these intervals, 


The rate of a radiational chain reaction is in general related to the radiation intensity, 1, by dce/dt =al" 


or G = << = al"; n= 1/2 for second-power chain rupture and then G a/7I. Data for the peroxides and 
carbonyt compounds over the range from 1.1 - 10 to 7.8 - 10 ev/cm’ - sec are presented in Figure 3. The 
yield is independent of the dose strength (lines 1 and 2) when the conditions are such that it is also independent 
of the temperature (at -80° for the peroxides and at + 10° for the carbonyl compounds), On the other hand,the 
yield does vary with the dose strength in the region where it is temperature dependent, The observed yields lead 
to n = 0,33 in the case of the peroxides at + 77° and to n = 0,37 for the carbonyl compounds at + 95°, Both re- 


sults would approximate to n = 1/2 if account were taken of the yield from non-chain temperature-independent 
processes (Fig. 3, curve 3), 


Thus the dose relation also confirms the fact that the radiational oxidation of the n-alkanes can involve 
the superposition of chain reactions on non-chain radical reactions, The possibility of a combination of these 
two mechanisms is a general property of radiational oxidations but the temperature at which chain processes 
appear will vary with the irradiated compound, 
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THE RELATION BETWEEN THE KINETIC AND THERMODYNAMIC 
ISOTOPIC EFFECTS AND THE MOLECULARITY OF A REACTION 


G. K. Boreskov, Corresponding Member, Acad. Sci. USSR 


The following relations in the kinetic parameters of the forward and reverse reactions have been developed 
{1] for the reversible chemical process: 


(1) 


(2) 


ky is here the rate constant for the forward reaction, ky is the rate constant for the reverse reaction, K is the 
equilibrium constant for the stoichiometric reaction involving one molecule of the substance A, E, is the activa- 
tion energy for the forward reaction, E, is the activation energy for the reverse reaction, q is the heat of reac- 
tion per mole of A, and Mg is the molecularity of the reaction with respect to A, or the number of molecules 

of A which enter into reaction with one active complex. 


An analogous quantity, the stoichiometric number, V,, was introduced by J. Horiuchi in treating the re- 
actions at the hydrogen electrode [2] and later used in a general study of the kinetics of chemical processes [3]. 
The stoichiometric number indicates how many times the rate-determining step must occur in order that the re- 
actant molecules, shown in the stoichiometric equation, enter into reaction. The relation 


1 


will apply when the stoichiometric equation is written for one molecule of the reactant A. 


The molecularity of a chemical process is fixed by the mechanism, and a determination of its value is 
essential for a decision as to the limiting step in a complex reaction, 


It is not always possible to carry out the separate determinations of the rates of the forward and reverse 
reactions which are needed if the molecularity is to be calculated through Equations (1) and (2), Horiuti [4] has 
proposed a more general method which is based on the relation: 


in which V is the observed reaction rate, V is the rate of the forward reaction,Ap is the free energy change 


accompanying passage of the reacting system into equilibrium, R is the molar gas constant, and T is the absolute 
temperature, 


The weak point in this method is the necessity of measuring the reaction rate in the neighborhood of the 
equilibrium state. The molecularity can be determined from the relation between the kinetic and the thermo- 
dynamic isotopic effects, 


E,— Ey = = 
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We will consider the example of the process: 


m iy m 
Am B + n C,D ag Cm B + a A,D, 
hy 
> 
in which ky and k, are the rate constants for the forward and the reverse reactions, 


The rate constants for the forward and the reverse reactions diminish to kg and kg when the A atom is 
replaced by its heavier isotope A*: 


* ke * 
AmB + = CaB AnD, 


hy 


According to (1) 


K, and K, being the equilibrium constants for Reactions (3) and (4), 
Dividing (5) by (6) leads to; 


kak Ke / 
K,/K, =a is, on the other hand, the equilibrium constant for the isotopic exchange reaction: 


AmB -|- ALD = A,B -|- A,D 


or the separation coefficient of the A and A* isotopes when the isotopic exchange reaction is carried into equilib- 
rium (the thermodynamic isotopic effect). This coefficient can be either greater or less than unity. We will 
choose the forward direction of the reaction to be that for which « is greater than 1. 


The separation coefficient a can be determined experimentally, or it can be calculated with high preci- 
sion from the vibrational frequencies of the molecules entering into the equation, using the methods of statistical 


thermodynamics ,[{8]. The kinetic isotopic effect for the forward reaction, =B , expresses the increase in 
K 
the rate of reaction resulting from a replacement of the heavy isotope by the light isotope. The factor i B 
2 


fulfills the same role for the reverse reaction, Equation (7) then gives ~= = a” i.e., the ratio between the 


kinetic isotopic effects for the forward and the reverse reactions is equal to the separation coefficient for the 
isotopes (the thermodynamic isotopic effect) raised to the power of the molecularity of the reaction, 


Thus the molecularity of the reaction can be calculated from measurements on the isotopic effects of the 
forward and the reverse reactions, The inequality B > aM is always valid since > 1, 


This makes it possible to fix a maximum value of the molecularity from which a choice between various 
reaction mechanisms can be made in individual cases, 


ky M 
ky 
and 
ke M 
= K3 (6) 
ke 
B 
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KINETIC EQUATIONS FOR THE POLAROGRAPHY OF MELTS 


Yu. K Delimarskii, Academician, Acad. Sci. UkSSR, 


and A. V. Gorodyskii 
Institute of General and Inorganic Chemistry, Academy of Sciences, USSR 


The literature of electrochemistry contains various kinetic equations which have been developed for the 
polarography of melts: 


RT i 
(2 Fin (7); 


= const — 


= const In (ia — i) (3,4); (2) 


RT i 
in (*), (3) 


~ = const — 


y is here the electrode potential, i is the current, ig is the saturation current, R is the molar gas constant, T is 
the absolute temperature, F is the faradays, (n - m) is the change in the charge of the reacting substance, and a 
is a coefficient. 


This apparent contradiction can be eliminated by applying the usual concepts of the kinetics of electrode 
processes. 


Ionic discharge on the electrode can be considered as involving three consecutive reactions; 
1) the transport of ions to the electrode 
2) the electrochemical reaction 
M** (a') +- (n — m) ex M™* (a"); 


3) the transport of the product materials away from the anenene 


ky 
(a") M"™* (a,). (6) 


Ions will be discharged to the metal at the electrode when m = 0. ky, Kp, kg, kg, kg, and kg are the rate 
constants for the various steps of the process and a'y, a’, a", and a"y are, respectively, the activity of the re- 
actant in the body of the melt, the activity of this same substance on the electrode surface, the activity of the 
product on the electrode surface,and the activity of this same substance beyond the electrode surface, 


The rates of Steps (4), (5), and (6) can be calculated from the Law of Mass Action: 


i’ = k,a)exp (- 
i= kaa’ k,a” exp (— = k’a’ exp 


i” = k,a” exp(— — ka. sexp(— 
(for a) = 0). 


(9) 
) k’a" 8 
|__ exp| (8) 
RT PRT) 
(9) ag 


Activation energies are accounted for by the exp (-w/RT) terms, Wy, Wg, Wg, and We being independent of the 
the potential 


Ws = Wy + agnF; (10) 
Ws, = BonF, (11) 


with ky = k, for a diffusion process. 


The rate i is equal to the rate i* when the process is stationary. On the other hand, i* is not always equal to 
i, since Equation (9) shows that a" might then become infinite. The rate i* reaches a maximum: 


(12) 


when a® takes on its maximum value apy. Step (5) then becomes more rapid than Step (6), The product sub- 
stance accumulates on the electrode surface, The activity of this substance below and above i"), is given by 


(13) 


while the activity a‘ is equal to 


with ig = K* a. The introduction of (13) and (14) into (8) gives 


j= K exp > RT ’ 


Equation (16) covers the various kinds of electrode polarization; electrochemical [Process (5)}; concentra - 
tional, type I[ Process (4) ] and concentrational, type II [Process (6)]. We will now consider three separate cases 
in which one, or more, of these processes can be neglected, 


1. The discharge rate is high and ig is less than iy ; 


(17) 


x’ 


The first member in the denominator of the fraction of Equation (16) can be neglected, The quantity i" is equal 
toi. The result is 


i.e.,Equation (1), 
2. The discharge rate is high and the rate of Process (6) is at a maximum); 


1 1 


x’ 


m x 
(14) 
iy kK" i” nF 
RT ) 
k < || 
x! K’ x" exp ) 
= const — = 
nk 
as) 
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The result is 


= const + In (ig — 


i.e., Equation (2) 


3. Ionic discharge is significant and the process whose rate is determined by the constant K" can be 
neglected, especially at high potentials: 


K"<K’'; |o|> (19) 


> being the reversible electrode potential. The result is 


ig 


i.e., Equation (3), 


Thus, all of the experimentally observed relations can be derived from Equation (16) and the applicability 
of Equation (1), or (2), or (3) can be foretold, 


The electrode reaction is described by Equation (1) when the metal deposits out on an electrode whose 
surface is being renewed, or when the electrode is chemically freed of the depositing metal, or when the elec- 
trochemical reduction passes from one step to another (m #0). The surface of a nonrenewing electrode will 
become saturated with the depositing metal during the rapid development of a polarogram(nonstationary pro- 
cess), The activity of this metal (concentration) is proportional to the amount of electricity: 


t 
0 


An approximate description of this process is given by Equation (1). 


The electrode reaction is described by Equation (2) when the electrode 
surface is covered by a dense layer of the depositing metal. 


l The electrode reaction is described by Equation (3) when ionic discharge 
is retarded, The state of the separating metal is then of no significance be- 


1} }2 3 cause the rate of the reverse process of metallic ionization is low. 
The various kinetic relations are differently reflected in the polarograph- 
%, ¥£ ic curves, Curve 1 of Figure 1 corresponds to Equation (1), Curve 2, to Equa- 


tion (2), and Curve 3, to Equation (3). Curve 1 is characterized by the fact 
that the current flow is unidirectional, regardless of the potential,and Curve 3, 
by the fact that the current alters only slowly in the neighborhood of the equi- 
librium potential, the half-wave potential being displaced with respect to this 
equilibrium value. 


Fig.1. Polarographic curves 
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The possibility of the application of one or the other of the kinetic equations can usually be decided upon 


from a study of polarograms in the coordinates: ¢,log i; log (ig — i); log The coefficient of 


the logarithmic term in Equations(1) - (3) can be obtained from these studies, The nature of the process is fixed 
more exactly from the cathodic and anodic branches of the polarization curve and from the position of this curve 
with respect to the equilibrium potential of the electrode in question. 
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AN INVESTIGATION OF THE ELECTROCHEMICAL PROPERTIES 


AND MOLECULAR FORM OF THE COPOLYMERS OF ETHYLENESULFONIC 
AND ACRYLIC ACIDS 


Academician V. A. Kargin, S. Ya. Mirlina and A. D. Antipina 


The M. V. Lomonosov State University, Moscow 


The present investigation has involved a study of the electrochemical processes which occur in ethylene- 
sulfonic and acrylic acid copolymers as the result of electrostatic interaction and the effect of these processes on 
the polymer chain, This study was carried out with aqueous solutions of the copolymers of ethylenesulfonic and 
acrylic acids and with polyethylenesulfonic acid, The viscosity and the electrical conductivity were investigated, 
potentiometric and conductimetric titrations were carried out,and studies were made with the electron microscope. 


Sodium ethylenesulfonate and sodium acrylate were copolymerized in quartz ampules at room temperature 
for 36 hours, working under ultraviolet light in an atmosphere of nitrogen, The resulting polymeric salts were 
washed with an excess of 5% aqueous NaOH and purified by twofold reprecipitation from methanol, The co- 


polymers with 10, 30, 40, or 50% acrylic acid do not dissolve in dimethylformamide which is a solvent for 
acrylic acid, 


0.1% aqueous solutions of the copolymers which had been carefully purified by electrodialysis were titrated 
with 0.1 N NaOH,using a vacuum tube potentiometer and a glass electrode, The electrical conductivity was de- 
termined with a bridge circuit involving a ZG-10 audio-frequency oscillator and a 30-7 cathode oscillograph. 
These latter measurements were carried out in a polyethylene cell. 


The microscopic studies were performed on a UEM-100 universal electron microscope with an electron- 
optical magnification of 18-20,000. 


EXPERIMENTAL RESULTS 


It was noted that the decrease in viscosity of the copolymer with increasing concentration was most rapid 
in the solutions having the highest concentration of sulfo groups, 


Coiling of the macromolecules occurs when the solution is concentrated or contains low-molecular salts 
but the strong electrostatic interaction of the molecular segments straightens these molecules into rigid cylinders 
on dilution, The viscosity of the copolymer solution can be expected to rise as the pH increases and, in turn, 
increases the degree of dissociation of the polyacrylic acid and the charge of the macromolecule, The relative 
viscosity, pH relation for the copolymers of ethylenesulfonic and acrylic acids shows a minimum at the neutraliza- 


tion point of the acrylic acid.A maximum is completely lacking on the viscosity curves for copolymers with low 
acrylic acid content, 


The minimum on the viscosity curve is most pronounced in copolymers containing approximately equal 
numbers of ethylenesulfonic and carboxyl groups, The appearance of a minimum can be explained by the pre- 


sence of ionized sulfo groups covalently bound to polymer chains in segments of high charge density, these groups 
attracting and holding counter ions to the polyion by coulombic interaction. 
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groupings in the form of ion triplets, 


Fig.1. The relation between the re- 
lative viscosity and the pH in copoly- 
mers of ethylenesulfonic and acrylic 
acids: 1) with 10%, 2) with 30%, 

3) with 40% acrylic acid. 


These counter ions will be firmly bound to the ionized groups to form ionic pairs which are electrically 
neutral and do not contribute to the transport of electricity. Neutralization of the charges of the sulfo-groups 
will produce dipoles and these will interact with the anions of the polyacrylic acid to produce more complex 


Fig. 2. Copolymers of ethylenesulfonic and acrylic acids containing 50% acrylic acid at: a) pH 3, 
b) the point of neutralization of the sulfogroups, pH 4, c) pH 11. 


The transfer of the outer electrons and formation of ionic pairs or quasimolecules when the potential 


energy of ionic interaction in concentrated solutions of strong electrolytes is greater than the kinetic energy 
has been shown by V. K. Semenchenko [1]. 


The formation of ionic pairs should lead to a more dense struc- 
ture and turning of the chain as the result of neutralization of the 
charges, The presence of ion triplets should give rise to extended 
fibril structures in addition to the dense coiled structures. 


These suppositions have been confirmed by studies with the 
electron microscope. The copolymer at pH 3 shows an opened struc- 
ture having the form of haphazardly interwoven fibrils (see Fig. 2a, 
on this page). The copolymer at pH 4, the neutralization point 
of the sulfo groups, shows a compact coiled structure arising from the 
presence of ion pairs (Fig. 2b). At pH 6, the neutralization point 
of the carboxyl groups, the opened structures are accompanied by dense 
coiled structures resulting from the increased electrostatic interaction 
due to the ion triplets, 


The macroion chain is more flexible and twists more readily 
when the alkali is in excess (pH 11) and all of the charges are screened, 
Figure 2c actually shows a conglomeration of symmetric globules of 
varying density without mutual penetration, 


The formation of ionic pairs and triplets has been confirmed by the experimental work of Semenchenko [2], 
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Bjerrum [3], and Fuoss and Krauss [4], The electrostatic energy can be calculated from the potentiometric titra - 
tion curve for the copolymer (Fig. 3) and increases linearly with pH, showing two breaks at points corresponding 


to the neutralization of the sulfoacid and the acrylic acid. This reflects an increase in the potential energy due 
to the ionic pairs and triplets. 


The intramolecular electrostatic interaction for a given degree of neutralization has been characterized by 
the free-energy change, a quantity which can be evaluated from the equation of the potentiometric titration curve 
of copolymers of the ethylenesulfonic and acrylic acids: 


1—a , 0,4343 dF (v) 


PH = pK, + + dv 


The free energy and the electrostatic potential show minima 
at the neutralization point of the sulfo groups, this being due to the 
formation of ionic pairs and the turning of the macromolecule chain, 


The potential rises sharply with progressive neutralization as 
a result of the increase in the charge and the untwisting of the 
dense rigid cylinders during the production of triplets involving the 
ion pairs -SO,'-Na’ and the polyions of the acrylic acid, 


The effect of ionic association on the electrical conductivity 
was brought out by studing the concentration, conductivity relation 
0 93 09 {2 for copolymers of ethylenesulfonic and acrylic acids, and by develop- 
NaOH ing their conductimetric-titration curves (Fig. 4). It was established 
Fig. 3. Potentiometric titration curves that the equivalent conductivity of the copolymers increases direct- 
for titration of the copolymers of ethyl- ly with -/C, this being in good agreement with the general conductivit 
enesulfonic and acrylic acids with 0.1 N equation obtained from the theory of ionic pairs, Only at the higher 
NaOH.which resemble the curves for the dilutions is there a rapid rise in the equivalent conductivity, the 
titration of strong and weak acids: 1) 10%, situation then being similar to that for the weak electrolytes, The 
2) with 30%, 3) with 40% acrylic acid. fact that the polymers show higher conductivity than HgSQ, is to be 
explained by the formation of conducting bridges between the as- 
sociating groups, 


ohm. cm™.- g-equiv. From the results of this study it can be concluded that alter- 

ation in the form of the macromolecule chains by twisting and un- 
twisting under strong electrostatic interaction is characteristic of 
solutions of the copolymers of strong and weak acids, The chain 
form alters in parallel with the free energy as the charge varies, 
The formation of the ionic pairs is itself responsible for the chain 
twisting in copolymers with highacrylic acid content and in solu- 
tions of pure polyethylenesulfonic acid where the ionic forces are 
insufficient for the production of more complex associations with 
untwisting of the chains, 
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AN ELECTRONOGRAPHIC STUDY OF PASSIVE FILMS ON ZINC 


A. 1. Levin, M. E. Prostakov and G. D. Susloparov 
The S. M. Kirov Ural Polytechnic Institute 
(Presented by Academician A. N. Frumkin July 13, 1959) 


The study of passivity involves either investigation of the electrode processes under which metals are rendered 
passive [1], or identification of the passive surface films [2]. 


Passive films 20-40 A in depth are formed on zinc under ordinary conditions but these cannot be detected 
microscopically [3]. The structures of such very thin surface films can be most effectively studied by an electrono- 
graphic method based on the diffraction of electrons [4]. Results from electronographic studies of the structures of 
oxide films on iron, aluminum, copper, nickel, magnesium, and other metals are now available [5-7]. Most 
of these structural studies have been limited to films which were formed in air, even though many of these metals 
are employed technically in aqueous solutions of oxidizing agents. A comparison of the effects accompanying the 
interaction of metals and gaseous oxygen with those met in the formation of oxide films at a metal — electrolyte 
interface shows that different phenomena are in question here [8]. Thus A. V. Smirnov [9] has observed the forma- 
tion of a very dense oxide film on zinc in air, the film specific gravity being 1.44 times greater than that of the 
metal in bulk, Anodic passivation of zinc in alkalis [10] at low current density is, on the other hand, possible 
only when there is separation of the rhombic modification of zinc hydroxide out of a saturated solution of zinc 
salts. 


Some data on the structures of the oxide and hydroxide films which are formed on iron and aluminum in 
oxidizing solutions have already been obtained by the electronographic method [11-13]. The information on the 
existence and structure of the oxide films formed on zinc, a metal widely employed in protective coatings, in 
solutions of electrolytes is clearly contradictory. Thus,Finch and Quarrell [14] observed that these oxide films 
have a hexagonal structure with the lattice constants a = 2.63 A and c/a = 2.58. 


P. D. Dankov, D. V. Ignatov, and I, A. Shishakov [15] have shown that the numerous reflection lines in the 
electronogram do not belong to either normal zinc oxide or to the hexagonal or rhombic modifications of zinc 
hydroxide, An electronographic study of zinc condensed on mica in vacuum has led these same authors to the 
conclusion that the diffraction pattern of zinc oxide is very weak, The rate of growth of the protective oxide 
film which forms on zinc in air is approximately 1 A per 100 hours atroom temperature [16], but this is increased 
considerably by treating the surface of the protective oxide covering with oxidizing media, and, even more so,by 
anodic polarization, A protective film, 100-200 A in depth, can be formed in practice by anodic treatment of 
zinc in alkaline solution for 2-5 seconds, 


The present investigation aimed at determining the structures of the surface films formed on zinc by liquid 
alkaline oxidizing media and by anodic treatment in solutions of pure alkalis. This study was carried out on a 
Russian EM-4 electron microscope with a "hot" cathode and a single lens, The accelerating potential was 35 kv, 
Photographs of the electron diffraction (the electronograms) were obtained by "reflecting" the electrons from the 
test surface. It is known that the image obtained by this method occupies only one half of the field , the other 
half being screened by the specimen [17], The specimens of pure electrolytic zinc were 10X 15 mm and 1-1.5 
mm thick, These specimens were cleaned in 10% HCI and then carefully washed in distilled water. The zinc 
was treated anodically in a 0.5% NaOH solution for 1, 2, or 5 seconds at current densities of 1, or 2, amp/ dm? at 
room temperature, or 70°, 
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TABLE 1 


Results of Measurements and Calculations on the Electronograms Obtained from the 
Electrochemical] Passivation of Zinc Surfaces in a 0.5% Sodium Hydroxide Solution 


nter= 
Calc, ianar alc, 
inter- —_|§pacing ter- plang: 
Indices planar from Line char- di planar meg 8 |Line char- 

spacing, | electro- | acteristics | spacing, lelectro- | acteristics 
A oe A nogram, 


A 


2,84 |Very strong 2 Very weak 
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,0 Medium 


2,47 | Very strong 
1,91 | Medium 


1,64 
1°44 Stron 


1,39 
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Fig. 1. Electronograms of hexagonal zinc oxide formed on the surface of a zinc 


specimen during anodic treatment in a 0.5% NaOH solution at a current density 
of 2 amp/dm?; a) at 70°; b) at 20°. 


The diffraction patterns of Figure 1a, b were obtained with different types of anodic treatment, These 
patterns became sharper when the time of treatment was lengthened and the temperature or current density was 
increased, Analysis of the electronograms shows (Table 1) a thin film of zinc oxide to have been formed on the 
zinc, this film having a hexagonal type of lattice with the parameters a = 3,248 and c = 5.203 A. 


A study of mechanisms has led F, F, Faizulin and L, K. Yuldasheva [18] to the conclusion that the dissolu- 
tion of zinc and the formation of a passive film proceed simultaneously at the anode, their data indicating an in- 
crease in the rate of growth of the oxide film with rising temperature, just as do our own. A rise in the tem- 
perature at fixed time of anodic treatment leads to a pronounced growth of the zinc oxide crystals on the speci- 
men surface with an accompanying intensification in the electron diffraction. Thus it is possible to detect as many 
as 15 semicircles on the electronogram at 70° (Fig. 1a) but only 7 at 20° (Fig. 1b). | Chemical passivation of 
zinc specimens was carried out in a solution which contained 20 g/liter of sodium chromate, 10 g/liter of 


100 2,85 
002 2,60 04 2 
a 104 2,49 203 9 { 
3 102 1,92 121 4 
110 1,62 114 1 
103 1,48 p 105 8 | 0 
ce 200 1,41 Medium 300 4 0 a 
112 1,38 Weak 123 i 0 
: 204 1,36 Weak 302 8 0 
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sodium hydroxide, 10 g /liter of tri-sodium phospii.te, and 3 g/liter of the emulsifier OP-7. The specimens 
were first cleansed and washed and then immersed in this solution at 95-98° for 15-35 seconds. * 


Electronograms of the surfaces of these specimens contained two diffuse semicircles of radii 2.1 and 1.19 
(interplanar distances, d = 2.41 A and d = 1.37 A) which corresponded to the most intensive maxima in the com- 
plete diffraction pattern of the zinc oxide film. 


Chromium could be detected spectrally on zinc, or zinc-plated iron, surfaces which had been rendered 
passive in a reduced solution, or in a chromate solution [19]. 


These electron diffraction lines indicate that finely crystalline zinc oxide is present on a zinc surface which 
has been treated in an alkaline chromate solution, despite the fact that this surface carries chromium atoms. 
Thus the case of zinc is one in which there is a fundamental difference between the oxidation of the metal by 
gaseous oxygen in the absence of moisture [9] and the passivation of the metal by dissolved oxidizing agents or 
by anodic polarization, 


Electronographic investigations of the thin films which are formed on zinc by brief treatment in weak 
alkaline solutions point to the production of passive films of zinc oxide with hexagonal lattice type. The passiva- 
tion of the electrode results from the fact that this modification of zinc oxide covers the metal with a dense, 
tightly adhering film, Thus the passivation of anodically dissolving zinc is quite dependent on the crystalline 
form of the developing film. Treatment of zinc in an alkaline chromate solution for 15-35 seconds at 90° pro- 
duces a complex amorphous surface film which contains crystalsof ZnO. Here, no final decision has been reached 
as to the mechanism of passivation, The marked retardation in the rate of film growth once a definite thickness 
has been reached indicates that the mechanism of transfer of ions and atoms departs more and more from the usual 
diffusion mechanism as the film thickness increases, In this case it is possible to make use of concepts which are 
to a certain degree analogous to those applying to the retarding action of adsorbed films of surface-active sub- 
stances [20]. 


The strength of the field of the electric double layer diminishes as the film thickens so that the penetration 
of zinc ions through the film is impeded,and the rate of growth of the passive film is diminished [21]. 
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THE EQUATION OF THE PHASE TRANSITION CURVE 


G. A. Martynov 


The Institute of Physical Chemistry of the Academy of Sciences of the USSR 
(Presented by Academian G. V. Kurdyumov June 30, 1959) 


The equation for the fusion curve has not yet been derived [1] although the differential Clausius-Clapeyron 
Equation relating pressure and melting point has been known for more than one hundred years,and several impirical 
expressions for the curve are available (see [2], for example), 


The Clausius-Clapeyron Equation 

TAvdP = q dT 
is obtained by differentiating the equality 
(T, P) = (T, P), 


in which p; is the chemical potential of the i-th phase (see [3], for example). 


The quantities q (the heat change accompanying phase transition) and Av (the change of molar volume 
in melting) of Equation (1) might seem to be arbitrary functions of the pressure P and the temperature T, This 
is not actually the case, The chemical potential is given by p = u+Pv~—Ts, u, v, ands, being, respectively, 


the molar energy, volume, and entropy of the substance in question, q = T(s_~s,), so that Equation (2) can be 
rewritten as 


with Au = ug —u,, Av = Vz —V4. 


If (3) is differentiated on the assumption that Au and Av are functions of T and P, and account is taken of 


the fact that [3] 
(ae (ar )o—? (are 


(cp is the heat capacity at constant pressure) the result will be the well-known expression 


dq = AcpdT + {av —T (32) ap. (5) 


This equation shows that (dq / OP) is determined as a function of T and P once the relation Av = f(T,P) 
is given, Equation (5) represents a complete differential so that 


(a) 


(1) 
(2) 
q = Au + Pdv, (3) 2 
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oq 
and thus ( FF) = ACpy = ¥(T,P) relation is fixed to within an arbitrary function of the temperature by 
Av = f(T, P). 


Equation (5) is obtained, just as the Clausius-Clapeyron Equation, by differentiating the condition for phase 
equilibrium, (2). Thus (1) can be integrated only if q and Av satisfy (5). No sort of mathematical treatment 
will simultaneously reduce (1) and (5) to their parent, Equation (2), if this condition is not fulfilled. 


It is known that a highly accurate integral relation between the temperature and the vapor pressure can be 
developed from the Clausius-Clapeyron Equation for many substances, This is due to the fact that the vapor 
phase participating in this equilibrium can be described by the Ideal Gas Law Pv = RT, over a wide tempera - 
ture interval, The density of the vapor is much less than that of the condensed phase,so that Av «= RT/P. A 
substitution of this last résult into (5) shows that (dq/ dP), = 0, and thus q = q(T), i.e., the functions q and Av are 


independent of one another in this case and Equation (1) can be integrated, This is clearly not true for fusion since 
then (dq/ dP), # 0. 


Experience proves that the Av of fusion is a complex function of T and P, and the integration of (1) is dif- 


ficult for this reason, Because of this we will develop Av = f(T,P) in a series and neglect all but the first mem- 
bers 


Av = Av, + «(T — To) + B(P— Po), (7) 


here, —Vyoy = const; B=—(v, By— vy By) = const; ay = (1/ Vj) ( is the coefficient of ex- 


pansion; and By is coefficient of compressibility of the i-th phase. We will also suppose that 
AC)= const, Integration of (5) then gives 


q = Acp (T To) (Av, “aT 9) P») + 17,8 (P— P,)?. (8) 


Introduction of (7) and (8) into (1) yields 


T dP qo + Ac, (T — To) + (Avo — aT) (P — Po) + */2B (P — Po)? (9) 
aT Avy a (T —To) + (P — Po) 


The change of variables 


x=aT, z=[Av,+a(T—T,)+ B(P— Pol, (10) 


will lead (9) to the form 


in which a and b are certain constants, This is an ordinary linear differential equation, Its solution fs 


P— {— [boy +a (T—T 


Equation (12) fixes P = P(T) since Avg, a, B , and Ac, are supposed to be known, The sign to be 
chosen for the radical of (12) will depend on whether Av is positive or negative. 


We have checked these conclusions by carrying out calculations on the ice— water system through Equation 
(12). Results from this check are shown in Table 1, The experimental data of [5] on Av = f(T, P) were treated 


by the method of least squares so as to obtain values for the coefficients Avy, a, and 6 of Equation (7)for these 
calculations. 


The Table contains both experimental] data and results of calculations based on (7) and thus gives an idea 
of the accuracy of approximations obtained through the latter, The values gp = 3.336 * 10° erg /g and Ac. = 


= 2.070 - 10? erg/g -deg [5] were adopted in calculating P from Equation (12), The Table shows that the 


deviation between the experimentally determined pressure and the calulated P does not exceed 4% over the pres- 
sure interval from 1 to 2045 atmospheres, 


- 
dz z a 
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TABLE 1 


T—T,, °C 0 —5 —10 —15 —20 


AVexp,cnt/g —0,0900 —0,1016 —O0,1122 —0,1218 —0,1313 


cm'/g  —0,0900 —0,1015 —0,1120 —0,1224 —0,1315 
P exp» atmos 1 590 1090 1540 1910 
P cals atmos 4 594 1088 1506 1840 


In concluding, the author counts it to be his pleasant duty to express his thanks for the valuable remarks 
made by Prof, B. V. Deryagin in reviewing the manuscript of this article. 
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THE ELECTRODE PROCESSES ON GERMANIUM IN SULFURIC ACID 
SOLUTIONS OF OXIDIZING AGENTS 


E. N. Paleolog, A. Z. Fedotova and N. D. Tomashov 


The Institute of Physical Chemistry of the Academy of Sciences of the USSR 
(Presented by Academician A. N. Frumkin July 10, 1959), 


A study of the electrochemical behavior of germanium in solutions of electrolytes is of interest in connec- 
tion with the electrochemical treatment of surfaces for developing the mechanism of spontaneous dissolution of 
semiconductors in corrosion and improving the characteristics of semiconducting devices, It is now definitely 
established that holes are involved in the anodic dissolution of germanium [1, 2, 3]. The mechanism of the 
cathodic processes on germanium has not yet been settled, however, and various opinions concerning it have been 
expressed in the literature [1, 4-6]. In investigating the mechanism of spontaneous dissolution of semiconductors we 
we have studied the kinetics of the electrode processes on germanium of various conduction types in HySO, solu- 
tions (pH 1.0) containing H,O, or Fe. 


The monocrystalline germanium which was used in these measurements had the following characteristics: 


Specific resistance, Volume lifetime, 


(R), ohm * cm (T)} psec 


n-Type germanium 13.0 360 


p-Type germanium 21.0 350 


A lead — tin alloy was employed for making electrical contact with the specimens which were 4-5 mm 
thick, The germanium was imbedded into polystyrene, its surface being polished with corundum powder and 
washed with doubly distilled water, An alkaline HO, solution, or a SR-4* solution, was used for corrosion, 
Each specimen was tested prior to measurement so as to be certain that there was no rectifying contact, Each 
experiment was carried out in the dark in a thermostat at 25+ 0,1°. Control experiments under strong illumina- 
tion were performed on certain specimens using a OI-7 illuminator with a focusing lense. 


Figures 1 and 2 show cathodic polarization curves for germanium with hole, or electron, conduction.T hese 
measurements were made in agitated solutions which were in contact with air. The potentials used in develop- 
ing the polarization curves were determined one minute after altering the current density, Measurements were 
carried out rapidly in order to avoid changing the state of the electrode surface during polarization. 


The results show that the n-type germanium cathode behaves in each solution as a metallic electrode with 
a low efficiency for the discharge of hydrogen ions and a high overvoltage (1200 -1300 mv at 10 ma/ cm’), 
Oxidizing agents in solution (H,O, or Fe®") are reduced on this cathode, the value of the maximum diffusion 
current altering regularly as the concentration of the oxidizing agent is varied. 
* Solution composition: 15 cm* CHsCOOH, 25 conc. HNOsg, 15 cm’ conc, HF, and 0.06 cm? Bry. 
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Fig. 2. Cathodic polarization curves for 
germanium in the presence of ferric chlor- 
ide, n-Type germanium: 1) H,SO, (pH 
1.0) + 0.06 N FeClg; 2) HySO, (pH 1.0)+ 

+ 0.2 N FeClg. p-Type germanium; 3) 
+ 0.06 N FeCls; 4) (pH 1.0)+ 
+ 0.2 N FeCls; 5) (pH 1.0) + 0.2 N 
FeCl, (under illumination). 


Fig. 1. Cathodic polarization of german- 
ium in the presence of hydrogen peroxide. 
n-Type germanium: 1) H2SO, (pH 1.0); 

2) HySO4 (pH 1.0) + 0.24 N H,O,; 3) 
17NH,O,. p-Type germanium: 4) H2SO, 
(pH 1.0); 5) 17 N 6) HgSO, (pH 1.0)+ 
+ 0.24 N HgOg; 7) 17 N H,O, (under il- 
lumination), 


An additional inhibition from the semiconduction of the cathode is observed with hole-conducting german - 
ium (p-germanium),and this is true not only for the discharge of hydrogen ions but also for both reduction reac- 
tions: Fe®’ +e — Fe” and H,O, + 2H* + 2e *2H,O. This inhibition becomes appreciable at a current den- 
sity of approximately 1.8 ma/cm? and then increases as the density rises. 


The inhibition of the cathode reaction on p-germanium involves not only an increase in the slope of the 
corresponding segment of the polarization curve but also a considerable diminution in the value of the "maximum" 
diffusion current in the oxidizing solution (I A < 15 )» The “maximum” current for the reduction of iron on p- 
germanium in a HgSO, + FeCl, solution is considerably less than that for reduction on germanium of the n-type 
and is independent of the amount of FeCl, in the investigated interval of concentrations. A diminution in the 
value of I, for p-germanium is also observed in sulfuric acid solutions containing hydrogen peroxide. 


Observation of the surface of the p-germanium electrode shows that the evolution of hydrogen begins at 
1100-1300 mv in each solution except the 17 N H,O,. The discharge of hydrogen ions on p-germanium proceeds 
with a rather high and practically uniform inhibition in solutions of HgSO,g (pH 1.0) and HgSO, (pH 1.0) + 0.24 N 
H,0,, and is facilitated by the Fe, 


Illumination leads to a marked acceleration in the reduction of Fe*” and HO, on the p-germanium cathode, 
although even here there is a pronounced shift of the electrode potential in the negative direction at a current 
density of ~ 20 ma/ cm’, i.e., a "Maximum" current appears here. With agitation, this current proves to be in- 
dependent of the nature of the oxidant and is much lower than with n-germanium under similar conditions, 


Anodic polarization curves for germanium with electron, or hole, conduction are shown in Figures 3 and 4. 
Here the rate of anodic dissolution of the p-germanium {s practically independent of the nature and concentra - 
tion of the substance added to the solution, the germanium remaining in the active state over the investigated 
range of current density, Holes participate in the anodic dissolution of n-germanium so that the rate of this 
process cannot exceed a certain limiting value (Ig, ) which is fixed by the bulk hole concentration. The 
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introduction of hydrogen peroxide into solution brings about no alteration in the saturation current even though 
this current is markedly increased by the Fe® . Illumination of the electrode increases the anodic saturation 
current for n-germanium in H,SO, (pH 1.0) by a factor of 17, 


6 8 0 4 


T 


q | 
| 60 

+ (v) *Ey (V) 


Fig. 3. Anodic polarization of german- Fig. 4. Anodic polarization of germanium 

ium in the presence of hydrogen peroxide. in the presence of ferric chloride, n-Type 

n-Type germanium: 1) HgSO, (pH 1.0); germanium: 1) H,SO, (pH 1.0); 2) H,SO, 

2) HpSO,4 (pH 1.0) + 0.24 N H,O2; 3)H2SO, (pH 1.0) + 0.06 N FeClg; 3) H,SO,4 (pH 1.0) 

(pH 1.0) under illumination, p-Type + 0,2.N FeCls. p-Type germanium: 4) 

germanium: 4) HgSO, (pH 1.0). H,SO,4 (pH 1.0) + 0.06 N FeCl,; 5) 
(pH 1.0) + 0.2 N FeClg. 


An analysis of these results shows that the cathodic reactions on n-germanium are predominantly ones in- 
volving free electrons, 


The marked inhibition of the cathodic process on p-germanium can be due to an insufficiency of free elec- 
trons when the conditions are such that these latter predominate in the reduction of Fe and H,O2, or it can 
result from an additional ohmic potential drop in a hole-impoverished layer of p-germanium next to the surface. 
Valence electrons play the predominant role in the reduction reactions on the p-germanium in this last case, 


The increase in the anodic saturation current density for n-germanium in the presence of Fe®” can be due 
to a specific adsorption of these ions on the germanium surface with a resultant increase in the rate of recombina- 
tion in the germanium layer adjoining the surface, The data of Gerisher and Beck[5]*show that this effect might 
also arise from a simultaneous reduction of the Fe® ions on the anode which would lead to an increase in the hole 
concentration, 


These results indicate that the conduction type is of great significance in fixirig the rates of electrode 
processes on germanium, Thus, there is a marked inhibition of the cathodic reduction of Fe® and H,Oy, and the 
discharge of hydrogen ions in the case of p-germanium, while the anodic dissolution of n-germanium is impeded, 


LITERATURE CITED 
(1] W. Brattain and G, Garret, Bell Syst. Techn, J., 34, No.1 (1955), 
{2] D. Turner, J, Electrochem, Soc., 103, No.4, 252 (1956). 


* As in original, 


= 
0 | 40 
4} 
50 
40 40 
4 
1005 
| 


[3] E. A. Efimov and I, G. Erusalimchik, J. Phys. Chem., 32, No.2 (1958) [USSR]. 


[4] H.Gerischer and F, Beck, Zs, phys, Chem., Neue Folge, 13, 389 (1957). 


(5) E. A. Efimov and I, G. Erusalimchik, J. Phys. Chem., 32, 9 (1958) [USSR]. 
[6] F. Beck and H. Gerischer, Zs, Electrochem., 63, No.4 (1959). 


Received July 10, 1959, 


q 

: 

1006 


THE PROBLEM OF EVALUATING THE REACTIVITY OF EXPLOSIVES 


A. 1. Serbinov 
The Institute of Chemical Physics of the Academy of Sciences of the USSR 
(Presented by Academician N. N. Semenov May 25, 1959) 


The reactivity of explosives is a factor of great importance for their combustion and detonation,and one 
which is significant in fixing the conditions under which these materials can be stored, the length of time which 
they can be held, and the conditions under which they can be safely handled. 


The isothermal decomposition of an explosive follows a monomolecular law, and therefore: 


2,3 


The temperature dependence of the rate constant is given by the equation: 
ky = Be-EIRT , (2) 


in which E is the activation energy and B is a coefficient which is theoretically [1] of the order of the frequency 
of vibration of the valence bonds in the molecule, i.e., 10% - 10! sect. 


Experimental studies on the thermal decomposition of explosives in many cases have led, not to just one 
value of E, but to several, with several associated values of B, each many orders larger than the theoretical[2,12]. 
Exceptions are sometimes met where the B value is close to the theoretical [3]. E and B values for various explo- 
sives are to be found in the monograph of Andreev (4). 


The value of the ignition lag, 1j, in thermal detonation is also used in evaluating the reactivity of ex- 
plosives and fixing the conditions under which these materials can be safely handled, The theory of thermal 


detonation which has been developed by Semenov [5] and Todes [6] shows the temperature dependence of T, to 
be given by the equation: 


E being the activation energy and A, a coefficient which is inversely proportional to B. Investigations of the 
reactivity of explosives by the method of thermal detonation usually lead to a value for E, but not A. A can be 
readily evaluated theoretically, however, Semenov has shown [7] that the self-heating prior to detonation is 
low and the factor RT3/ E small,so that T,. can be equated to the time T of isothermal reaction at the initial 
temperature, 


Thus it is possible to set up an approximation to the relation between Tj, ky, and Ty. From (1) and (2) 
there follows: 


2,31 


This last can be combined with (3) to obtain: 


__ 2,3 lgeg/e 
A 


a) 

Ae™/RT (3) 

by 


Thus A can be readily evaluated theoretically if the degree of breakdown of the explosive in the time T, is known, 
Apin [8], and Apin, Todes and Khariton [3] have shown that 5-10 % of the explosive will react in the time Tj. 


Equation (5) shows that a 10 % breakdown of the explosive corresponds to: 


A= =~ 1074 — sec (6) 


An analysis of the temperature dependence of Tj for various explosives indicates that the value of A is also 

frequently far from that predicted by the theory, being many orders higher in some cases and many orders less 
in others, The wide spread in the kinetic parameters of tetryl is shown by the values of E and the coefficients 
A and B which are given in Table 1, 


It has seemed to us that this variation in the values of the coefficients must arise from the extensive extra- 


polation through 15- 18 orders, or more, which is always involved in evaluating quantities which represent nothing 
other than ky and T; at T > 0, 


The range of the experimental studies must be 
TABLE 1 widened if this extrapolation error is to be reduced and 
more trustworthy values obtained for the kinetic param~- 
eters. For this purpose, measurements were made on the 
ignition lag of several explosives for which this quantity 
varies by 3-5 orders, the time for 10% isothermal decom- 


The Energy of Activation, E, and the Frequency 
Factors for Isothermal Decomposition and Thermal 
Detonation of Tetryl 


E, position of these substances at various temperatures being 
keal/ lg B Ig A Author calculated from the data of other authors through Equa- 
=F —. 2 tion (1). All of this experimental material has been plot- 
pica ae Farmer [10] ted in the coordinates log tT ,1/T in Figure 1. It is 
55.5 *| 24.5 » found that the experimental results covering an alteration 
* 22 5 of almost nine orders (from one second to several years) 
36°6 | 42°7 Andreev [4] in the reaction time of any one material cluster around 
34°9 | 12/9 Cook and Abegg [12] a single straight line, the corresponding frequency factor 
20 —7,6 cGill being approximately equal to the theoretical value for a 
ad iP ee [9] monomolecular reaction, The extent of deviation from 
78,0 — |—36,5 **|Lukin and the mean E value in any one of the various series of ex- 
Roginskii [2] periments can be estimated from the two theoretical 
boundary lines which have been included in Figure 1 for 
each explosive; the E values for these lines differ from 
*Recalculated by Roginskii [2]. the average by 1-2 kcal/mole,the value of A having 
**Recalculated by us from the data of the been obtained from the theoretical Equation (5). The B 
authors, coefficient of this same equation was calculated from the 


vibrational fzequency of the molecule of the explosive. 


The valence vibrations of the characteristic groups of many of these explosives fall within the interval 1000- 
1700 em™ [15], or 3-5 - 10! sec-4, and a common value of 4 - 10" sec“! was therefore adopted for the materials 
which are under consideration here, We then have log B = 13.6 and Equation (6) gives log A = -14.6, 


Figure 1 shows that the temperature dependence of % and ky can be adequately represented by Equations 
(3) and (2), respectively, if use is made of the theoretical values of A andB, The activation energies of trini- 
troriazidobenzene and liquid tetry] remain constant at 30,5 + 0.5 and 35+ 1 kcal /mole,respectively over their range 


Each series of experiments which earlier gave a spread of E values and associated frequency factors (see 
Table 1) now falls between the theoretical lines corresponding to E values of 34 and 36 kcal/mole. A qualitative 
explanation can be given for each departure of an individual curve from the straight line corresponding to average 
E value, Thus the temperature coefficient of the reaction rate sometimes rises in the isothermal method be- 
cause of an insignificant but progressive self-heating of the explosive charge, the alteration being the greater, the 
higher the initial temperature of the experiment, and this can lead to an increase in the calculated values of E 
and B (Lines 6 and 7 for tetryl), An apparent increased in E is observed in investigating the reactivity of explosives 
near the ignition boundary by the thermal detonation method,this being due to increased thermal loss at high values 
of 7; with a gradual transfer to isothermal decomposition; there is also an apparent diminution in E at values of 
T{ which are comparable with the time of heating of the explosive charge, 
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Fig. 1. The energy of activation for isothermal monomolecular decomposition 
and for thermal detonation of explosives, calculated from the theoretical values 
of the frequency factor, A) trinitrotriazidobenzene: a) Turek [19], b) Ioffe 
[20], c) Andreev [21]. B) tetryl:1, 2, 3, author of this article; 3a, d) Lukin and 
Roginskii [14]; e) Khariton and Andreev [16]; 4) Robertson [11]; 5) Cook and 
Abegg [12]; f) Hinshelwood [17]; 6, 7, 8, ) Farmer [10]; Solonina [18], Dubovits- 
kii, Manelis, and Smirnov. C) trotyl: 1°, 2", 3") author of this article; 4") 
Roginskii and Magid [22]; 5") Cook and Abegg [12]; 6") Robertson [23]. 


The data of Farmer [10] (Line 8) for crystalline tetry] at low percentage decomposition (0,2-1%) should be 
considered as the most trustworthy for this substance (Lines 8 and 9), the two lower points of Line 9 coming from 
data obtained by Solonina [18] at very high percentage breakdown (44%)where the autocatalysis is extensive, Thus 
the energy of activation for the decomposition of crystalline tetry] is larger than that of the liquid, or dissolved, 
tetryl by approximately one-half of the heat of fusion and is equal to 38 kcal/mole. 


The data on the thermal detonation (Curves 1", 2", 3", 4") and isothermal decomposition (Lines 5" and 6") 
of trotyl show a considerable spread, the energy of activation for decomposition of this substance being estimated 
as 46 + 2 kcal/mole, The data of Robertson (Line 6") has not been taken into account here in light of the criti- 


cism of Cook and Abegg [12]. 


Autocatalysis is frequently observed in laboratory investigations of the thermal breakdown of explosives at 
high percentage decomposition, It is clear, however, that the role of this factor in fixing the stability of explosives 


sec sec“! 
48 44 
BY 
| Via | | 
> ps b = 
+e 
44 
1009 


has been overestimated since autocatalysis cannot occur at the very slight decomposition which is permitted in 
storing of these substances. Accepting 1% as a permissible value for the decomposition in an explosive during 
storage, the time of storage can be estimated through Equation (4) 


(1%) 10 see 10° years (7) 
T being the storage temperature in °K, 


A trustworthy method for estimating the energy of activation of the thermal decomposition of the explosive 
is needed here. 


Equation (2) and Figure 1 show that all of these materials decompose according to a monomolecular law so 
that the most trustworthy and direct determination of the energy of activation for any explosive is to be had through 
the equation: 


B is here a theoretical value obtained from the valence vibrations of the characteristic groups in the explosive 
molecule, 


An adequate, but less accurate, determination of E can be had from the value of Tj near the ignition 
limit (the so-called flash temperature) by using Equation (3): 


E = 4,57 T (lgt: — Ig A). (9) 


The lower accuracy of this equation is the result of the approximation involved in fixing a theoretical value of 
A through (5), Interest attaches to the question as to how far the temperature can be raised before these equations 
cease to reproduce the relation between the temperature and the ignition lag. 


The law of monomolecular breakdown rests on the idea of molecular dissociation resulting from increased 
energy of valence vibrations,and the natural limit of applicability of these relations would thus be met at times 
of the order of the time of excitation and redistribution of the energy of the molecular valence bond, i.e., at 


10% - 10° seconds. Thus there must be a departure from linearity in the kinetic region for the temperature de- 


pendence of the ignition lag beyond the limits of experimentation, this being indicated by the dotted lines in 
Figure 1, 


I wish to thank Academician N. N. Semenov, K. I. Shchelkin, Corresponding Member, Acad. Sci. USSR, 
and Professor A. F. Belyaev for their interest in this work and for valuable suggestions, 
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A STUDY OF GRAFT POLYMERIZATION IN IRRADIATED TEFLON 


Z. A. Sinitsyna, Yu. D. Tsvetkov, Kh. S. Bagdasar'yan 
and V. V. Voevodskii, Corresponding Member, Acad. Sci., USSR 


The Institute of Chemical Physics of the Academy of Sciences of the USSR 
and The L. Ya. Karpov Institute of Physical Chemistry 


New polymeric substances can be formed by irradiational graft polymerization, polymer molecules being 
grafted onto radicals in the framework of the basic polymer under the action of radiation, There are several 
variants of this kind of polymerization, It is obvious that the greatest practical and theoretical interest attaches 
to the case in which the polymer is irradiated in the absence of a monomer and graft polymerization proceeds 
as a subsequent dark reaction, We know of only one paper in which this type of graft polymerization has been 
studied for the case of polyethylene [1]. 


Earlier work with electron paramagnetic resonance (EPR) in the Institute of Chemica! Physics has shown [2] 
that long-lived radicals are formed in the y -ray irradiation of teflon in vacuum at low temperatures, The oxy- 
O-O. 
gen of the air converts these into peroxide radicals of the type — CF,;— CF —CF,~-, and these, in turn, can be 
held at room temperature for several months, 


The present communication will present certain data on the graft polymerization of methylmethacrylate 
on films of this same material and will describe the results of an EPR study of these films. 


Teflon films, 20-100 in thickness, were subjected to y - irradiation in vacuum at room temperature, 
The dose strength was varied from 1 to 40 Mrad, The irradiated films were held in air at room temperature 
and then loaded into a dilatometer with a ground capillary, This dilatometer was filled with methylmethacrylate 
under vacuum, The dilatometer volume was 5 ml and the charge of teflon, 0,20 g in each case. Graft poly- 
merization was carried out at 50°, The degree of.polymerization was allowed to reach a definite value which 
was usually less than 15%, following which the homopolymer dissolved in the monomer was separated out with 
chloroform, the teflon film carefully treated with chloroform, and the homopolymer precipitated with methyl 
alcohol, The homopolymer and the teflon film were then brought to constant weight. The mean length, P, of 
the polymer chain in the homopolymer, was determined from viscosity measurements by using the equation [3} 


P = 4,15 (100 (1) 


in which [7] is expressed in deciliters/ g. Equation (1) is applicable to the nonfractionated polymers resulting 
from chain extension or disproportionation, Results from the graft polymerization in the irradiation of teflon are 
shown in Table 1, The curves of Figure 1 cover the polymerization of methylmethacrylate on the irradiated 
teflon, The following conclusion can be drawn from Table 1 and Figure 1, Graft polymerization is accompanied 


by a simultaneous homopolymerization which clearly results from chain elongation through the monomer molec- 
ules, 


The over-all rate of polymerization (homo- plus graft) remains constant as the dose is varied from 1 to 7 
Mrad, The kinetic curves at 40 Mrad are characterized by a high initial rate with a subsequent rapid diminution 
of the velocity. The total rate of polymerization increases with increasing dose and diminishes as the interval 
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between irradiation and polymerization is increased, Variation of the film depth, i.e., the film surface area at 
fixed teflon charge, is without effect on the total rate of polymerization, From this,it follows that the rate of 
polymerization is not determined by the diffusion of the monomer into the teflon film. 


The molecular weight of the homopolymer remains constant despite the variation in the total rate of poly- 
merization, its value being the maximum fixed by chain extension through the monomer molecules for ordinary 
polymerization at the temperature in question, 


The teflon film remains insoluble in chloroform even after 240% of methylmethacrylate by weight has been 
grafted to it. X-ray studies of the teflon film after methylmethacrylate grafting show that the crystallinity has 
diminished throughout the film and not merely on the surface, There is no observable decrease in the x-ray 
scattering maxima from a mere superposition of a methylmethacrylate film of requisite thickness onto the teflon 
film, * 


TABLE 1 


The Polymerization of Methylmethacrylate on Irradiated Teflon (.Monomer concentra- 
tion, 9.08 mole/Jiter; Volume of dilatometer, 5 cm*; Teflon charge, 0.20 g) 


Exp, |Film Radiation] Holding |Ratio ot Ratio ot wt. |Initial rate 


thickness]4ose, | time, of |ofhomo- fof polymer- 


No. Mrad days polymer to Jization, 


of teflon. |Wt. of graft] mole -10 
polymer liter-sec 


— ol 
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| kes | 
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Interesting results were obtained from an EPR 
study of graft polymerization on irradiated teflon 
films. These experiments were carried out in a cy- 
lindrical dilatometer, 0.35 cm in internal diameter 
and 0.7 ml in volume. The teflon films (0.135 g) 
were introduced into the lower portion of the dilatom- 
eter (1.5 cm) and the latter then filled under vacuum 
with methylmethacrylate in the usual manner, Poly- 
merization was carried out in a thermostat at 70°. The 
dilatometer was periodically removed from the ther- 
mostat, quickly cooled to room temperature, and the 
EPR spectrum of the teflon film then measured directly 
in the dilatometer. Figure 2a shows the relation be- 
tween I/], and the time of polymerization, I and I, 
Fig.1. Curves for the polymerization of methylmeth- being, respectively, the intensity of the absorption line 
acrylate on irradiated teflon, The numbers on the for the peroxide radical before polymerization and at 
curves designate the experiment numbers in Table 1. the time t. Curve a_ follows the equation for a re- 

action of the first order with a constant of 2 - 10-?. 
sec? , 


Displacement of dilatometer 


480 720 min 


*The authors express their deep thanks to B. I, Zverev for carrying out these studies. 
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Fig. 2. The relation between I/Ip, the 
time of polymerization (a), and the 
variation of the total rate of polymeriza- 
tion (b). 
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Fig. 3. EPR spectra ob- 
tained during polymeriza- 
tion : a) lines of the per- 
oxide radical; b) a por- 
tion of the spectrum of 
the polymethylmethacryl- 
ate radical. 


The curve of Figure 2b shows the variation of the 
total rate of polymerization. This figure indicates that 
the total rate of polymerization is scarcely affected by a 
decrease in concentration of the peroxide radical of 
almost 80%. The spectrum of a second radical is grad- 
ually intensified as the intensity of the absorption lines 
of the peroxide radical diminish (Fig. 3). The exact 
analysis of this new spectrum is difficult because it is 
partially covered by the spectrum of the peroxide radical. 
The splitting of the observed components and the intensity 
ratios clearly correspond to the polymethylmethacrylate 
radical, whose spectrum is well known from the literature 
(see, for example, [4]). 


Subsequent calculations have shown that it is not 
only the polymethylmethacrylate radicals which are 
grafted onto the initial polymer that have an extended 
life under the conditions of our experiments, but that the 
same is also true of the “free” polymethylmethacrylate 
radicals which are responsible for the formation of the 
homopolymer. The value of P for the homopolymer is 
independent of the total rate and equal to the maximum 
of 25 000, so that the rate of second-power chain rupture, 
ky n*, must be much less than the rate of chain extension 
through the monomer molecules, k,,3, NM (n is the con- 
centration of the polymer radicals and M is the concen- 
tration of the monomer), i.e., 


"max (2) 


If it is supposed that homopolymerization proceeds 
throughout the entire volume of the dilatometer, it will 
then be possible to express the inequality of (2) as 


kk 
-max_P 


) 


Kp being the rate constant for chain growth and V, the 

rate of homopolymerization. A fraction of the order of 

unity is obtained on introducing numerical values of the 
Kp Kp 

= 25 000 and kth ~ 0.1 and the 


constants 
max 

rates of homopolymerization which are given in Table 1, 

a fact which is in contradiction to the inequality of (2). 


Thus it is clear that homopolymerization also proceeds only within the teflon film where the constant ky is quite 


low as a result of the gel effect. 


It has been shown earlier [2] that reversible cleavage of the oxygen molecule with the formation of radicals 


of the type 
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occurs during vacuum heating of teflon containing peroxide radicals, Our experiments have proven that irrad- 
iated teflon which has been held in air and then heated in high vacuum for two hours at 190° will not induce the 
polymerization of methylmethacrylate, It is a curious fact that homopolymerization will proceed under these 
same conditions but at a diminished rate, It is possible that this is to be explained in terms of a polar effect 
arising from the presence of the fluorine atoms which would make it easier for a+ R, radical to tear a hydrogen 
atom from the monomer molecule than to combine at a double bond 


R- + CH, = C—COCHs-—» RH + CH, = C—COCHs. 
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THE RELATION BETWEEN THE KINETIC CONSTANTS AND THE RATE 
OF FLAMELESS COMBUSTION OF SMOKELESS POWDER 


A. F. Belyaev 


The Institute of Chemical Physics of the Academy of Sciences of the USSR 
(Presented by Academician B. N. Kondrat‘ev July 9, 1959) 


A number of studies [1-4] have shown that the rate of combustion of powders and explosives at atmospheric 
pressure and above is fixed by a reaction in the gaseous phase, where most of the evolution of heat takes place. 
The volatile explosives, including most of the commercial pulverizing explosives, form this gaseous phase by 
volatilization [1,2], The nonvolatile smokeless powders form this phase by gasification [3], or dispersion [4], 
producing a smoke which burns and thereby sets free the major portion of the heat which is liberated in the re- 
action, The rate of reaction in the gas phase, or smoke, increases as the pressure rises and thus is greatest at the 
medium and high pressures, while the flow of heat out of the reaction zone of this gas accounts for the decom- 
position or volatilization of the condensed phase, Thus the reaction in the gas phase or smoke fixes the observed 


rate of “disappearance” of the condensed phase (its rate of volatilization, gasification, and dispersion) at elevated 
pressures, 


It is now known from the work of P. F. Pokhil [4] that there are definite conditions under which combustion 
is propagated by the reaction in the condensed phase alone, The pressure can be reduced to such a value that a 


volatile explosive will cease to burn, Flameless combustion will take place in smokeless powders and other sub- 
stances if this pressure reduction is carried far enough. 


Powder at 2 mm of Hg pressure and less will burn without any sort of flame, the powder seeming to “melt” 
at a rate which is much less than the rate of flamed combustion at atmospheric pressure, Pokhil has proven con- 
vincingly that this flameless combustion results from a reaction in the condensed phase which leads to dispersion, 


At one time the present author [2] applied the gaseous heat-transfer theory of Ya. B. Zel'dovich and D, A. 
Frank-Kamenetskii [5] to the combustion of evaporating nitroglycol, in which the reaction is known to take place 


in the gas phase, It was shown that this theory generally gives the correct order of magnitude for the rate of flame 
propagation in nitroglycol, as had also been noted by N. N. Semenov [6}. 


The weak point in this work was the assumption that the basic reaction was monomolecular and never - 
theless dependent on the number of collisions [2]. This basic reaction should really be considered as bimolecular, 
as the author has done in [7], The present note will consider the possibility of applying the Zel'dovich Theory 
to the case of flameless combustion where the only reaction is in the condensed phase, Zel'dovich [3] has given 


an expression, based on the general theory, for the rate of propagation of a thermal wave arising from isothermal 
reaction in a condensed phase 


/ 


per, 
pe, (1, — To) \ E sec 


Here, u_ is the rate of combustion, i.e., the rate of propagation of the thermal wave; p is the density of the 


_ 
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material; c,, is the specific heat; T, is the temperature on the "burning" surface, i.e,, the maximum tempera - 
ture of the condensed phase; Ty is the initial temperature of this substance; n is its coefficient of thermal con- 
ductivity; B is the frequency factor in the expression for the velocity constant; E is the energy ofactivation, and 
R is the molar gas constant, 


The task which Zel'dovich set himself in deriving Equation (1) was that of obtaining an expression for the 
rate of displacement of the surface of violent effervescence arising from a volatile explosive as a result of re- 
action in the condensed phase,and determining the conditions required for such effervescence, It is clear, how- 
ever, that this equation can be applied directly to the flameless combustion of powder in vacuum,where reac- 
tion in the condensed phase leads to propagation of the process and dispersion, 


The attempt will now be made to carry out such acalculation for pyroxylin powder, values being available 
for all the requisite constants of this substance, Values of P, c_, and 7 have been known for some time, There 
is considerable difference among the B and E values which are given by various authors, These quantities occur 
in products of the form Bl ~E/RT, and the variation of such product is much less than that of either B or E con- 
sidered separately. Use will be made of the data of Andreev and Samsonov [8] on the vacuum decomposition of 
pyroxylin, Values of T, and Q for the flameless combustion of pyroxylin powder have been obtained by Pokhil 
[4]. Leipunskii [9] determined T, somewhat earlier by an indirect method, The various numerical values are; 

= 1,6 g/cm; cp = 0,29 cal/deg + g; n = 5,.5+10~ cal/cm sec deg; Q = 80 cal/g; B= 10! E = 
= 44600 cal/ mole; T, = 573°K (~ 300°C); and Ty = 363°K, (Pokhil was able to observe stable flameless com- 
bustion of pyroxylin powder in vacuum only when the temperature was 90°C, or higher), These values give u = 
= 3.4° 10-? cm/sec when introduced into Equation (1), The experimental value of Pokhil for the rate of flame- 
less combustion at 90°C was 8 - 107? cm/sec when introduced into Equation (1), The experimental value of 
Pokhil for the rate of flameless combustion at 90°C was 8 + 107? cm/sec. Such agreement can be considered as 
good,although the rate of flameless combustion calculated from the Zel'dovich Equation is about one-half of the 
experimental value, 


The divergence here could be accounted for fully by the possible errors involved in the determination of 
B and E, It is clear, moreover, that Zel'dovich has based his equation on the simplest monomolecular law, The 
final result would certainly be affected if the kinetics are actually more complex. A better agreement between 
experiment and theory could therefore not be expected in principle. We will now return to the relation between 
the rate of combustion, the pressure, and the initial temperature, The conditions prevailing in practice are such 
that the rate of combustion increases with the pressure and it is on this fact that internal ballistics are based,Pokhil 
[4] has shown that the rate of flameless combustion of powder is independent of the pressure over the interval 
from 2 to 30 mm of Hg, a result which is consistent with the lack of pressure-dependent terms in Equation (1). 

It is only at a pressure of 70 mm of Hg that the rate of combustion begins to increase, A visible flame appears at 
still lower pressures, but weakly and at a considerable distance from the powder surface, This flame becomes 
more clear as the pressure is raised and approaches the surface, It is obvious that the decomposition of the con- 
densed phase at 70 mm of Hg is accelerated by the thermal flow out of the flame zone, Raising pressure brings 
about a further increase in the rate of combustion because of acceleration of the gas phase or smoke reaction 
with a resultant increase in the thermal] flow out of the flame zone, 


Pokhil claims [4] that the rate of flameless combustion increases rapidly with a rise in the initial tempera - 
ture, going from 0.08 cm/sec at 90° to 0.14 cm/sec at 140°C to increase by a factor of 1.75, This increase in 
the rate of combustion can be accounted for by the Zel'dovich Equation if T, is assumed to increase by 10°, 
going to 583°K when the initial temperature is raised from 90 to 140°, This assumption is in complete qualitative 
and quantitative agreement with the conclusions of Leipunskii [9] as to the increase of Ts and its relation to Ty. 


Thus the Zel'dovich Equation (1) gives a good description of the flameless combustion of smokeless powder. 
Through this equation it is possible to obtain a correct value for tne rate of combustion, as well as certain funda- 
mental relations between the rate, the pressure, and the initial temperature. The following point should be em- 
phasized here, There is,of course,no sense to calculating the rate of combustion through Equation (1), This rate 
is a quantity which can be measured precisely, The inverse problem is of great significance, however. Once the 
rate of combustion has been measured,and its relation to the pressure and the initial temperature have been ex- 
perimentally established, it is then possible to draw important conclusions as to the nature of this combustion 
from Equation (1), deciding whether the gas phase is involved in this reaction and obtaining exact values for pa- 
rameters such as E and T, »which are difficult to measure, 


fe 


The present author at one time studied the flameless combustion of fulminating powder in vacuum and 
determined the combustion rate (0.4 cm/sec) [10]. Pokhil has measured Ts for the flameless combustion of this 
substance. The value of the rate of flameless combustion, u, of fulminating powder which is obtained from 
Equation (1) by using the data on the kinetic constants and setting T, = 320° proves to be only a fraction of the 
experimentally determined value, The agreement here is somewhat worse than in the case of pyroxylin powder 
but, on the other hand, the values which are available for the kinetic constants (E, B, as well as Ts) of fulminat- 
ing powder are less trustworthy, It can be assumed in the final analysis that the rate of flameless combustion of 


fulminating powder is also completely determined by reaction in the condensed phase, just as has been postulated 
by Pokhil [4]. 


A similar analysis for potassium picrate (a substance for which the value of T, is not known) shows that T, 
must be greater than 500° if the rate of combustion in vacuum is to be fixed by a simple monomolecular reaction 


in the condensed phase, If direct measurements should give a lower value of Ts the indication would be that 
the kinetics are of a more complex type. 


The usual working conditions are such that the basic reaction proceeds in the gas or smoke phase,and this 
is especially true of the conditions which prevail in powder rocket motors, Here, the decomposition of the con- 
densed phase arises principally from thermal flow out of the zone of the flame, or, more exactly, out of the zone 
of gas or smoke. phase reaction, The study of the decomposition of the condensed phase has great interest,none- 
theless; the decomposition begins in the condensed phase, which functions as a “supply" of products for the basic 
zone ,in which the combustion rate is determined, The above examples indicate that the Zel'dovich Theory is 
indispensable to a study of the decomposition in the condensed phase, 
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THE MECHANISM OF HYDROGEN PEROXIDE FORMATION 
IN THE CORROSION OF METALS 


T. M. Abramova, I. L. Gankina, and A. S. Fomenko 
L. V. Pisarzhevskii Institute of Physical Chemistry of the Acad. Sci, Ukr. SSR 
(Presented by Academician, A. N. Frumkin, July 13, 1959) 


The formation of hydrogen peroxide during the reaction of metals with oxygen and water was first observed 
by Schonbein [1] in the middle of the 19th century and was later confirmed by several workers [2-8]. 


There is, however, no agreement as to the mechanism for the formation of hydrogen peroxide under these 
conditions, Some workers [1, 2] have proposed that the oxygen from the air,as well as that from the water, particip- 
ates in the formation of H,O,. Others [3, 6, 9] claim that only the oxygen absorbed from the air is involved in 
the formation of H,O, during corrosion, In recent years several workers [10] have demonstrated that hydrogen 
peroxide is also formed in the cathodic reduction of oxygen, with the following equations representing the over- 
all process; 
2e+11,0 (D 


Acid medium Oz 
4-20-4-H,0 


or 


Since the atmospheric corrosion of metals is accompanied by oxygen-induced depolarization, then, ac- 
cording to sequence (I), HO, should be formed as an intermediate in the corrosion process by the reduction of 
oxygen on the cathodic portions of the surface, and its isotopic composition should correspond to that of the 
oxygen gas. 


To verify and possibly confirm this mechanism for the formation of hydrogen peroxide as an intermediate 
in the atmospheric corrosion of metals we used a radioactive tracer technique. Due to the fact that in the course 
of metal corrosion both the hydrogen peroxide introduced into the corrosive medium and that formed during the 
corrosion are rapidly decomposed we used an isotopic dilution technique to identify all the hydrogen peroxide 
formed as an intermediate, The labeling was done with heavy oxygenO8. The latter was either introduced 
initially into the corrosive medium in the form of labeled hydrogen peroxide, H,O,"*, or by bubbling oxygen 
gas through the solution as the metal was being corroded, If the reaction sequence (I) applies to the corrosion 
process, then the isotopic composition of the H,O, initially added to the corrosive medium should undergo a 
change in such a manner as to approach the composition of the gas phase, And in fact we discovered that such 
an isotopic composition change did accompany the corrosion of zinc, magnesium, tin, aluminum, and cadmium 
in an aqueous solution of hydrogen peroxide; in these experiments oxygen was bubbled through solutions in which 
shavings of the respective metals were submerged, 


During the corrosion of all of the above-described metals a very rapid decomposition of the hydrogen per- 
oxide in solution was observed, In the case of zinc and cadmium from 10 to 20% of the initial peroxide was 
preserved for long periods of time (24 hours or more) in the form of water-insoluble peroxides mixed with other 
metal corrosion products. According to the literature data [11], the peroxides of Zn and Cd formed at the hy- 


drogen peroxide concentrations used by us should have the general composition MeO, + n H,O, where n may 
vary from 0,4 to 2, 


After completing the experiments, which lasted from 1 to 24 hours, depending on the corrosion rate of a 


a 
— 
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particular metal, the final concentration of the hydrogen peroxide and its isotopic composition in the corrosive 
medium were determined, In the case of zinc and cadmium, dilute (1;8) H,SO, was added to the solution, since 
the acid dissolves the peroxides of these metals. The peroxide thus liberated went into solution, where its con- 
tent was measured as the percent of that initially present and its isotopic composition determined, In experiments 
on magnesium, aluminum, and tin,hydrogen peroxide was determined directly in the corrosive medium after the 
latter was separated from the metal shavings and other corrosion products, The initial and final hydrogen perox- 
ide concentration were determined by permanganate titration, The isotopic composition of hydrogen peroxide 
was determined mass~-spectroscopically by using the oxygen liberated from the peroxide decomposition by potas - 
sium permanganate in acidic solution (the. ratio of mass 34/32 was used).* As is well known, normally there is 
no oxygen exchange between hydrogen peroxide and water [12], and when the peroxide is decomposed by potas- 
sium permanganate all the oxygen comes from the peroxide [13]. The experimentally determined changes in the 
isotopic composition of hydrogen peroxide, which were produced by the corrosion of zinc, magnesium, aluminum, 


cadmium, and tin, are presented in Table 1, The experiments were carried out in complete darkness at room 
temperature, 


TABLE 1 


Change in the Isotopic Composition of Hydrogen Peroxide Caused by the Corrosion of 
Zinc, Magnesium, Cadmium, Aluminum, and Tin 


Length HO, conc., Te Jsot. compn., ,at.% (including Change in 


of expt. natural compn.) the isot, compn, 
Metal {hts of HO, % of 
Initial | Final o, _ {the initial 


Initial . Final 


: 1,20 1,07 

zn 3 1.02 0,04 0,20* 0,27 1,01 35 
Mg 2 3.01 1,03 1,14 0,93 0,20* 18 
Mg 5 3,38 4,22 0,20 0,28 1,17 40 
Cd 24 0.50 0,04 1,17 0,98 0), 20* 16 
Cd 24 0.65 0.04 0,20* 0,25 1,09 25 
Al 24 0.54 003 1,18 0,83 0,20* 29 
Al 2 0.54 003 1,18 0,88 0, 20* 29 
Sn** 4 0,44 0,01 1,04 1,05 0,20* 13 
0), 20* 0,25 


* Natural abundance, 
* *Experiments were carried out in the presence of NaCl (3% solution). 


It is quite clear in Table 1 that an appreciable change in the isotopic composition of the initial peroxide 
concentration is observed after the corrosion of all of the examined metals. In experiments with H,O,"* + o” the 
o' content in the peroxide decreases, while in those with H,0,'* + 0,” it increases. This change is fully compatible 
with the theory that the hydrogen peroxide is formed as an intermediate in the corrosion through the reduction of 
oxygen gas, for example, as shown in the reaction sequence (I), 


The error in the mass-spectroscopic determination of the isotopic composition of oxygen could not have 
exceeded about 3%, But, as is shown in Table 1, the observed changes in the isotopic composition of hydrogen 
peroxide exceed the limit of probable error in the mass-spectroscopic measurements, 


In the case of zinc and aluminum we also calculated the ratio between the amount of corroded metal and 
the amount of hydrogen peroxide formed. This was done by comparing the amount of metal converted into cor- 
rosion products (determined analytically) with the calculated amount of hydrogen peroxide formed on the cathodic 
portions of the surface by the reduction of oxygen, The calculations were based on assumption of the following re- 
action schemes for the corrosion of these metals: 


*The authors wish to thank Engineer I. M. Protas for performing the mass-spectroscopic analyses. 
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2Zn + =: 2Zn (II) 
4-802 ~ 4A1 (OL), (III) 


Knowing the initial concentration and isotopic composition of H,0,"* ,and having calculated (from the amount 
of metal corroded) the amount of H,0,'* which should have formed during the corrosion, we computed the ex- 
pected final isotopic composition of hydrogen peroxide, At the same time,we observed that all the oxygen gas 
consumed in the corrosion as shown in Reactions (II) and (III) was used to form the peroxide as shown in Reaction 
(I). As an example we will present the calculated final isotopic ere of hydrogen peroxide in one of the 
experiments with zinc: we used a 4.5 g zinc shaving and 9.9 cm® of H,O,"* with an initial activity concentra- 
ee of 2.5%, After O,!° was bubbled through the solution for = hours, 0.081 g of zinc were corroded and 0,02 of 
were absorbed [as shown in (11) The initial o,* content in the hydrogen peroxide was 0,237 ¢,the 
final,0.0047g, The amount of of" (0.02 g) absorbed in ae corrosion reaction constituted 16% of the time aver- 
age (during the reaction) of the oxygen present in the H,O,"* which took part in the experiment. Since the ini- 
tial O'* content in the peroxide was 1,22 at .%, its final content should in this case have been 1.02%, namely, 16% 
lower, The experimental value was 1.15 at .%, indicating an ~ 13% accuracy in the calculated value. In other 
cases the calculated isotopic compositions of the final hydrogen peroxide deviated from the experimental by 
5-20%, This difference seems to be connected with the fact that some of the newly formed hydrogen peroxide 
is catalytically decomposed by direct contact with the metal surface before it has a chance to change the iso- 
topic composition of the initial peroxide. Anothet possible reason for the observed discrepancies may be that 
the oxygen which is formed in the catalytic decomposition of hydrogen peroxide, and which has the same iso- 
topic composition as the corrosive medium, also participates to some extent in the corrosion, The H,O, fresh- 


ly formed from this oxygen would not alter the isotopic composition of the total peroxide present in the corrosive 
medium, 


The above-presented observed and calculated values for the final isotopic composition of hydrogen peroxide 
indicate that the formation of H,O, can not be just a side reaction in the corrosion process but must constitute one 
of its main steps. Attempts to stabilize hydrogen peroxide in corrosion by means of addition oxyquinoline, sodium 
pyrophosphate, soduim silicate, etc., to the solution did not give the desired results. 


Attempts to stabilize hydrogen peroxide in corrosion by adding oxyquinoline, sodium pyrophosphate, 
sodium silicate, etc., to the solution did not give the desired results. 


The literature data, as well as our control experiments, indicate that the change in the isotopic composition 
observed during corrosion can not result from some side reaction involving oxygen exchange in the system: 

H,O2 + O2 + H,O + Me (OH), in the presence of metal shavings. Hart and co-workers [14] found that in neutral 
or acidic media no oxygen exchange is observed between hydrogen peroxide and oxygen gas, That no exchange 
occurs between water and oxygen in the presence of oxides and hydroxides was shown by Mackenzie et al, [15]. 
Only slight exchange was detected between hydrogen peroxide and oxygen at pH = 11.75 under the effect of y-ra~- 
diation [14]; ultraviolet radiation had the same effect on the — ZnO + HO, + H,O + O, [16]. We found no 
oxygen exchange in the systems; H,0” + H,0'* and.H,0'* + Ho, , in the presence of Zn, Cd, Al, Mg, and Sn 
shavings under conditions corresponding to the experimental; oxygen gas had no effect = these systems either, 
Nor was any exchange observed in the systems; Al(OH), + HzO, and ZnO, + nH,O + H,0,"*, Consequently our ex- 
perimental data on the change in the isotopic composition of hydrogen peroxide were not affected by any extra- 
neous exchange of oxygen and are fully compatible with the proposed mechanism [Reaction (I)] for the formation 
of hydrogen peroxide as an intermediate in the corrosion of metals by water and oxygen, 
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THE TRANSPORT OF DISPERSED PARTICLES IN A GASEOUS 


STREAM DURING THE COMBUSTION OF POWDERS 


N. N. Bakhman 


Institute of Chemical Physics of the Academy of Sciences USSR 
(Presented by Academician V. N. Kondrat'ev, July 9, 1959) 


In several papers on the combustion of powders it was assumed that the partial dispersion of the original 
powder followed by a combustion of the dispersed particles in a gaseous stream constitute the principal steps in 
this process, At the same time it was occasionally assumed that the particles and the gas have equal velocities. 
Since there is no obvious reason why this should be so, it is interesting to examine the movement of particles 
near the charge surface, 


When the combustion front passes the particles, which are at rest in the laboratory system of coordinates, 
they suddenly become exposed to a stream of gas. As the gas carries away some particles it is itself retarded, 
For particles of moderate dimensions the acceleration produced by the gaseous stream initially greatly exceeds 
the acceleration due to gravity, and hence the latter may be disregarded (as will become evident later), 
making the problem much simpler, 


We will limit our study to the region where the particles are not reacting yet, and the gas and the solid 
particles streams are still distinct. We will first write the conservation laws. 


The conservation of mass: 


Psu = (1 —B) my = (1 —B) pg ug (1) 
— an (1") 


where 100 (1- B ) is percent dispersion; the subscripts g, s, and sy refer to the gas, the dispersed particles, and 
the initial solidsrespectively; p, is the mass of particles per unit volume of the stream; in (1*) it was assumed 
that a part of the stream space is filled with particles, 


For the average density of matter in the stream we will get: 


__ (1—B) mo , Brno " 
Pay > Us ae (1 ) 


The conservation of momentum: 


p +- (1 — B) = Po + Mg Ug 


The conservation of energy: 


2 2 9 


(2) 
: 
= 


where Wet Ws= Wet C(Ts— Ts); Wy, Pwg—(1—B)ws= Q, the heat of subli 


mation. 


The unknowns in this system of equations are Po, Ug, Ps and uy. As far as w, is concerned, it should 
be determined from the heat-exchange conditions, using the relationship w, = f(p, Pg)i however, in two limiting 
cases Ww, is known right away; for very small particles it can be assumed that 


for very large particles that: 


To determine the velocity of a particle us, we will use the following equation of motion (the density of 
particles is assumed to be Pogo ): 


where € is a coefficient determined by the particle shape and other properties; its value is approximately one, 


The initial conditions are: 


Us= Uy. x ==0 when? = 0. (5) 


We thus get a closed system which can be solved by the method of successive approximations, 


In a special case, where the degree of disperison is small and the value of X - dT /dx changes very 
little within the limits of the examined zone, we can assume that Pg and Ug are approximately constant. Equa- 
tion (4) can then be integrated directly, In a system describing the front we will find that the particle coordinate; 


A + 


and that the particle velocity: 


1 
Ug—U 4r Ps, 


The solution obtained above enables us to estimate the orders of magnitude of the functions we are in- 
terested in, As an example, we will use the combustion of sulfur-free black powder at p= 1 atm. Taking: 
pso = 1.65, 9/4 ~ 1; p, =PH ART ~ 1 46/82 - 600 g/cm us) = 1.8 mm/sec; Ug ~P so , ~ 300 
cm/sec, we will get th, the time required to accelerate the particle to a velocity u, = ku,, and X,, the dis- 
tance traveled by the particle during that same time; the calculated results are presented in Table 1. 


Our results indicate that the model in which the particle and 


TABLE 1 the gas velocities are assumed equal within the combustion zone 
(which is of the order of several millimeters at p = 1 atm) is only 
k=0,5 | kR=0,.9 | k=05 | k=0,9 applicable to particles equal to or smaller than 1p. Otherwise, 
ring with particles ten microns in size or larger,one can assume that 
t, in sec x, incm 
eae the particles form a stationary (in the laboratory system) lattice, 
which burn as the stream of the gas passes through it. 
4 |5,5-40-4) 5-10-3 | 0,054 1,12 
10 | 5,5-10-3| 5.40-? | 0,54 41,2 When the pressure is increased t, and Xk, become smaller. 
100 | 5,5-10-*| 0,5 5,4 112 


From Eq. (7) it follows that t, ~p sy f ie . Since for powders 


oe 

W == Wy + T,): 

3. ' 
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p gg ~p", then _- rr When t, is not too small one finds from Eq. (6) that x, ~ t, ~ 


1 


width 7 of the examined precombustion zone shrinks with increasing pressure in the same manner: 


so that conclusions presented for p = 1 atm. are also valid at other pressures. 


The average particle acceleration .a gy ~ ku, /t, for particles with a 1 radius is ~ 270 g (at k = 0.5). 
In contrast, for particles with a 100y radius aay = g, Shich provides additional evidence that such particles may 
be considered stationary within the combustion zone, 
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RECTIFICATION AT THE ELECTROLYTE — N-TYPE SEMICONDUCTOR 
CONTACT 


Yu. A. Vdovich, B. M. Grafov, and V. A. Myamlin 


Institute of Electrochemistry of the Academy of Sciences USSR 


(Presented by Academician A, N. Frumkin, July 6, 1959) 


The present and a preceding paper [1] are both devoted to the investigation of the boundary separating 
two phases, a semiconductor and an electrolyte. The problem is set up in the same fashion as before [1], with 

the difference, however, that holes are taken into consideration and the assumption is made that in an extrinsic 
N-type semiconductor the donor levels are completely ionized while the acceptor levels are completely filled up. 
The impurity levels are also presumed to be uniformly distributed throughout the semiconductor, 


The electrochemistry of the present contact differs considerably from the electrochemistry involved in the 
anodic solutions of N-type germanium [2]. In the latter case the reaction also involved holes and was accompan- 
ied by the liberation of electrons, There was a PN transition at the germanium electrode contact. The recti- 
fication produced by such P ~ N transitions is similar to that in solid rectifiers. One would naturally assume,how - 
ever, that other types of reactions, involving only the electrons (or only the holes), are also possible on semi- 
conductors. This type of an electrochemical reaction was observed by Yu. V. Pleskov and B, N. Kabanov [3]. 


For our calculations we will select 4 case where the contact reactions are of the type: 


AAA +e. 


We will show that if the layer adjacent to the contact is deficient in both electrons and holes, at equilib- 
rium, then there will arise in such a system a unique form of rectification which is not connected with a PN 

transition, The following system of equations describe the semiconductor: 

dz/dt = zy+(1—B), (1) 

dP /dt = — Py— +08, (2) 

3 

dy / dt =z—P—1+4, (3) 

— /dt = A(zP —b). (4) 


The symbols used in Equations (1) - (4) are the same as those used in paper [2], except that we have introduced 
in this case a dimensionless concentration of acceptor levels V, while the current carried by the holes is denoted 
by AB, 


We have applied the usual conditions at infinity: 


dz/dt\,,4,,=/4P 


t+-}-co 


= 


A 
a 
= 
(5) 
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The selected type of electrochemical reaction (same as in paper [1]) imposes the following boundary con- 
ditions at the contact; 


A(L— = i, [= — | , r»BF=0. (6) 
k 


The subscripts k, oo, and 0 designate the values of these functions at the contact, at infinity, and at equil- 
ibrium (A = 0) respectively; Ag* is the deviation of the potential drop within the Helmholtz double layer from 
the corresponding value at equilibrium, and is equal to to (Yy~Yk°) [1]. 


Just as in paper [1], the electrolyte is located to the left of the contact, which is at t = 0; the current is 
considered positive if it’ flows from left to right, while the potential drop caused by a positive current is considered 


negative; the potential drop in the diffused portion of the double layer and the ohmic drop in the electrolyte are 
disregarded, 


Combining Eqs. (1) and (2), substituting z — P from Eq. (3), and integrating with respect tot from + 0 to 
t, we get 


t t 
W—ya)dt, t=—r4t* | 
-+co 


The expression for I, will always appear in this form whenever the relationship between the various functions 
at infinity, imposed by the boundary conditions (5), are considered, ¥ is a negative function since the field y 

increases as one goes from infinity to the contact, or theoretically speaking,z decreases during such a movement, 
Treating y andB as known functions in Equation (2) we get: 


P = + Iny 
t 


\ (— — evdt. 
+00 


Since the examined currents are extremely small ( | A|« 1), it turns out that whenever — ¥2 1,one can 
express y and P by the following equations; 


1/.y2 = Pe-¥—(1—v), P= Poe. (1) 


One can readily get a rough estimate of the neglected integrals I, and I,. Only an electron current flows 
through the contact. Away from the contact some of the current is also carried by the holes. It is evident that 

the transition from a pure electron current at the contact to a mixed one away from the contact occurs at distances 
roughly equal to the diffusion length t,,. Keeping all this in mind we get: 


< 1< Moy’, | Pooe* || tp < Poe. 


It is convenient to introduce a function * 


= (1 y) 


My? = —(l—v)> for —P<y’; Vey? = Poe for —P>y. 
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where 
- 
where 
Then 


Treating y and B as known values in Equa ‘c : (1) we get; 


t(—Y~1) 
Is = eve \ e-¥ (2Y — B)) dt. 


The term Zygp in the first integral of Equation (9) can be neglected in comparison with the A (1-B) term, 
since the terms have comparable magnitudes only at infinity, As the contact is approached,the electron density 
z decreases, The exponential coefficient makes the integral highly dependent on the upper limit, while an 
electron deficiency in the region adjacent tothe contact sharply reduces the value of integrals containing zy, 
terms, The tunction B can also be dropped»since it changes from zero at the contact to Bg) ~ b at infinity, . 
while b << 1, If -¥, <¥*, the trimmed integral containing A is integrated by parts just once, This integra- 
tion gives a nonintegral function and another integral which can, however, be neglected since the integrated 
component exceeds it by a factor of 2 — ¥,), where — ¥).>> 1, 


The value of the integrated component depends primarily on the upper limit. Hence a poor choice of the 
lower limit will not affect the results of integration, Considering the small value of the examined current A we 
can also neglect the integral I; the latter is estimated in the same way as I, and I,. We will be left with: 


Zk = (10) 


If- ¥,>¥* — the trimmed integral containing A is split into two parts: one between the limits 

(-¥ ~1,-¥*), another between the limits (—¥ *,%,,). When |, + ¥*|« 1 the second integral can be dis- 
regarded, The retained first integral is then treated in the same fashion,as was the one above which yielded 
Equation (10), We will then get 


Zp = +- (11) 


V2(i—v) 
Anexamination of Equation (10) indicates that a flow of negative current rapidly reduces the first term in 
Z, and the second term assumes a leading role, A state in which both terms contribute equally to z, will be 
denoted by the subscript s. Let us assume that—.¥).,< ¥*. Then: 


V2 (4—v) (—Vs) 


1 


Applying the boundary condition (6), we get: 


—k = hoe = ho 
h 2 
i+—- 


2-149) Us V2(—1 +9) 


Ad, = ty (ve — yb) < = toV — 2 (1 —») das < tp V2(1 —v) 1. 


where 
A 
since 
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If also « Apo, then 


Let us calculate the total potential drop ¥, in various regions of the A current. ¥, 1s defined by the 
equation: 


Ado + AY’ — — Mi, 
where A¥po is the equilibrium potential difference in the Helmholz layer, and —At, the ohmic potential drop, 
For currents 4 > — Ag, by applying the boundary condition (6) in the form A /Ag = 2/2 —1, and using Equa- 
tions (10) and (11), we get : 
— tn} (1p h> ds: (12) 


dt Ady 2 EX < < hs; (13) 
2(1—v) 28 (1+) 


For currents A< —Ag, by applying the boundary condition (6) in the form —A/A, =e BA a and the 
second of the two Equations (8), we get 


= Ado In(— In Poo +I | In? (—)]— (15) 


An approximate form of the volt-ampere characteristic given by Equations (12) - (15) is shown in Fig. 1. 


The above-presented calculations were based on the assumptions that — ¥;,.. < ¥ * and zh « Ao. If, however, 
the condition - <¥* holds at the contact but Zk > Xo, then it can be demonstrated that the inflection of 
the volt-ampere characteristic will be displaced to the left, to a current A=—Ap y. Its height will still remain 


equal to ¥* . The average slope of the inflection will now be approximately 1/t) A», | whereas in the first case 
it was about 1/z¢. 


The case where— %,>¥ * is not of any interest. It 
gives a smooth, volt-ampere characteristic without an inflec- 
tion, In this case, the rectification is quenched by the exces- 
sive space charge of the holes. 


Hence, our calculations have shown that the examined 
contact possesses several valuable properties. 


When ¥ * is sufficiently large and the contact is in- 
itially electron deficient, the volt-ampere characteristic 
curve exhibits a typical, almost vertical inflection and a very 
small blocking current, 


The existence of a unique break-down voltage y*, 
which is of the same magnitude as the forbidden band width 
constitutes a considerable drawback of this contact. Consequently, the examined case is most interesting for 
semiconductors with broad forbidden bands, The contact exhibits no rectification when ¥, >¥* due to the great 
space charge of the holes, 


The results obtained in this work can, of course, be extended to an electrolyte P-type semiconductor contact, 
In such cases our calculations are valid provided only the holes participate in the electrochemical reaction, 


The authors wish to thank corresponding member of the Acad, Sci. USSR V. G. Levich for a valuable dis- 
cussion, 


\ 
y* 
° 
¥t 
X 
oe Fig. 1 
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THE FORMATION OF POROUS STRUCTURE IN SILICA GEL 
IN THE PRESENCE OF VOLATILE COMPOUNDS 


Z. Z. Vysotskii and M. V. Polyakov 


L. V. Pisarzhevskii Institute of Physical Chemistry of the Academy 
of Sciences Ukr. SSR 


(Presented by Academician A, N. Frumkin, July 13, 1959), 


A successful solution of several theoretical and practical problems associated with adsorption depends 
largely on the proper choice of adsorbers with a porous structure most suitable for studying the given problem, 
As has become apparent in recent years, in several problems, particularly those connected with the specific 
adsorption, the chemical nature and structure of the adsorbing surface are also very important, Hence there is 
certainly a great need for the development and improvement of different methods of regulating the structural 
adsorption properties of adsorbers, Earlier, one of us [1-3] developed a method for the formation of pores and 
surface relief in silica gels by the dehydration of silicic acid hydrogels in the presence of volatile compounds 
with various structures, The results obtained in those cases indicated a definite relationship between the molec- 
ular structure of the volatile compounds and the finalstructure of the dry silica gel; consequently we proposed 
a mechanism to explain the specific porous structure and the form of silica gel surface formed, Besides, it was 
shown [3] that not only surface-active agents [4] substantially affected the porosity of silica gel, but any com- 
pounds the vapors of which could be absorbed by silica gel, particularly benzene, toluene, and xylene, 


In the period between 1949 and 1958 many foreign workers, in attempting to prepare selective adsorbers, 
obtained silica gels which selectively adsorbed those compounds in whose presence the original silicic acidhydro- 
gels were dehydrated: dyes of the methylorange series [5-9], one of two optical isomers [10,11],and organic bases 
of the pyridine series [12]. After a study of the adsorption properties of these selective adsorbers,a mechanism 
was proposed [5, 6, 8, 13] for the structure formation in these gels which was in no way different from that pro- 
posed earlier by one of us [1-3, 14]. 


The increased interest in this method of preparing selective adsorbers as well as recent attempts to revive 
the theories concerning the dominant role of the surface tension of the intermicellar liquid in the formation of 
the porous structure in silica gel [15] induced us to check the results obtained earlier by one ofus withregard to 
the feasibility of structure formation in silica gel prepared in the presence of surface-active volatile compounds, 
The results of this investigation are presented below, 


The silicic acid hydrogel was prepared in the usual manner: a sodium silicate solution was added to a 
solution of sulfuric acid; after syneresis of the cooled sol the hydrogel was broken into small pieces (1-1.5 cm 
along the edge) and washed with weakly acidic (H,SO,, 1:5000) conductivity water to remove soluble salts, The 
washed hydrogel was _ separated into individual pieces,each of which was laid on a Petrie dish and placed into a 
separate dessicator containing concentrated sulfuric acid; into each dessicator we then placed a beaker with the 
appropriate volatile liquid: benzene, toluene, or o-xylene, The control hydrogel sample was divided into two 
parts, one of which was dehydrated in a similar dessicator containing the acid but not the hydrocarbon, while the 
other was exposed to open air in the laboratory. Dehydration was carried out for three months at room tempera- 
ture, The structural adsorption properties of the silica gels thus prepared were investigated by determining the 


adsorption isotherms of benzene vapor at 20°ina vacuum apparatus on a McBain balance, The resulting isotherms 
are presented in Fig, 1 and 2, 


A 
ae 
= 
= 
oe 
a 
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Figure 1 shows that the adsorption isotherms of ben- 

mmole /g zene on a ae gel formed in the ppennnce of benzene 

12. vapor begin rising much further to the right than in the 
case of samples dehydrated in the presence of toluene; the 
adsorption and desorption isotherms of gels treated with 
xylene are displaced even further to the left. When P/P,= 
= 1 the benzene-treated silica gel adsorbs 11.8, the to- 
luene-gel 9,4, and the xylene-gel 8,0 millimoles ,res- 
pectively of benzene per gram; the respective median 
pore radii (calculated from the isotherms) are; 40, 30, 
and 25A. As may be seen from the initial isotherm seg - 
ments, the specific surfaces of these adsorbers are also 
different. Thus we have fully confirmed our previous 
results which showed that the structural adsorption pro- 
perties of silica gels change smoothly when the gels are 
prepared in the presence of; benzene, toluene, and o-xylene, 
respectively, 


By comparing the three isotherms in Fig. 1 with the 
curves in Fig. 2 we can see that the porous structure of 
a gels formed in the presence of benzene, toluene, and xylene 
UF differs considerably from the structure of the control gels; 


the control sample dehydrated in air is highly microporotis 
while that dehydrated in the dessicator over sulfuric acid 
can only adsorb 6.3 millimoles of benzene and has an 
Fig. 1. The 20° adsorption isotherms for benzene ~ 16A median pore radius. Therefore all the gels formed 
vapor on silica gels, formed in an atmosphere of: had much larger pores than did the control samples. 

I) benzene; II) toluene; III) xylene. The solid 

dots denote desorption, 


a? 04 U5 07 U9 Will) 
G2 05 06 07 U8 


Before attempting to explain our results one must 
keep in mind the fact that, as was shown by specially 
designed experiments, the initial intermicellar liquid is 

mmole/g almost entirely replaced by the respective hydrocarbon 

- towards the end of the formation period, while in the case 
of the control gel dehydrated over sulfuric acid the pores 
become empty (when the gel was subsequently dehydrated 
in a dessicator for 24 hours at 150° it only lost ~ 2% of 
its weight). At the same time the pores of the control gel 
dried in air remained almost full of water at the end of 
dehydration (~28% of water lost on drying in a dessicator), 


Comparing the dipole moments of benzene, toluene, 
and o-xylene (0, 0.39, and 0.62 Debyes respectively),the 
saturated vapor pressures at 20° (74.1, 22.5, and 10.1 mm), 
7? 9 the parachors (207.1, 246.1, and 285.1), and other proper- 
OP, ——»> ties, with the regular changes in the maximum adsorption 
d ; - 
Fig. 2, The 20° isotherms for the adsorp- volumes, pore radii, se the distribution of the initial iso 
therm segments of the investigated silica gels, we can see 
tion of benzene vapor on control silica gels : 
that the properties of fully formed gels (those pertaining to 
dried over sulfuric acid (I), and in air (1). iis 
both the porous structure inside and to the surface structure) 


are related in a certain manner to the structures and pro- 
perties of the molecules involved in the formation of the gel, Let us note that in this work, as well as in a pre- 


vious paper by one of us [1], the ratios between the maximum adsorption volumes (on the average 0.82) are close 
close to the ratios between the molecular weights of the compounds present during the formation (0.86), 


At the same time, the idea that the surface tension of the intermicellar liquid constitutes the controlling 
factor in the formation of the porous structure in silica gel [15] turns out to be clearly in conflict with the facts. 
The experimental results indicate that the surface tensions of benzene, toluene and xylene, which are almost 
identical at 20° (28.8, 28,5, and 30,0 dynes&m, respectively) are not related in any way to the regular variations 
in the gel structure when one proceeds from benzene to xylene, Previously some results have also been obtained 
(16-18] which indirectly disproved the above-riticized ideas; the results obtained in the present work may, in 
our opinion, be used directly to disprove the erroneous emphasis on the surface tension, We believe that the 
chemical nature of the micelles in a silicic acid gel and its chemical-crystal structure constitute the fundamen- 
tal factors determining the type of structure eventually assumed by the silica gel, The nature of the intermicellar 
liquid is important in so far as the liquid interacts with the labile portions of the gel skeleton when the latter is 
compressed during dehydration, and produces a specific arrangement of the surface groups (for example, hydrox- 
yls) on the silica-gel skeleton; meanwhile, the liquid present in the gel pores, which molds the gel skeleton sur- | 


face, as one could say “in its own image,” undoubtedly exists in a state different from the usual three-dimension- 
al liquid, 


Thus, in our opinion, the type of porous structure assumed by the dry silica gel is rigidly controlled and 
actually predetermined by the chemical nature and physical structures of the micellar surfaces in gels, since the 


capillary forces which contract the gel skeleton during dehydration depend (under similar conditions) on the degree 
of gel-surface wetting by the intermicellar liquid. 


The precise details of the mechanism leading to a specific type of an adsorption site on the silica gel 
surface are not clear as yet, We may only propose several more or less probable hypotheses with regard to this 
matter: 1) the molecules of the volatile compound present during dehydration are adsorbed on the micellar 
surface, interact with the surface hydroxyl groups orienting them according to their own structure and creating 
local changes in the geometric distribution of the OH-groups ("imprints", see [3]) on a chemically homogeneous 
adsorber surface; 2) the volatile hydrocarbons produce local variations in the number of hydroxyls covering the 
surface (degree of hydration of silica); 3) the hydrocarbon alters not only the surface relief, but also the relative 
distribution of atoms in layers lying deeper inside the adsorber; 4) individual sections of the silica gel surface 
retain tightly adsorbed volatile compound molecules, which cannot be removed by pumping or washing and have 
pronounced effects on the adsorption properties of silica gel; 5) when the orthosilicic acid is condensed in the 
presence of volatile organic compounds one cannot exclude the possibility that chemical surface compounds are 
formed between the hydrocarbons and the siliceous residue of the silica gel, even at room temperature [19]. 
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A KINETIC, AN ADSORPTION, AND AN X-RAY CRYSTALLOGRAPHIC 
STUDY OF THE DECOMPOSITION OF MAGNESIUM CARBONATE 


V. A. Gordeeva, G. M. Zhabrova, and M. Ya. Kushnerev 
Institute of Physical Chemistry of the Academy of Sciences USSR 
(Presented by Academician V. I, Spitsyn, July 13, 1959) 


As a rule, the kinetics of solid state reactions cannot by themselves provide enough data to elucidate the 
rules governing topochemical processes and permit an understanding of the reaction mechanism, Hence it was 
interesting to follow one such process by using several methods: kinetic, adsorption, and x-ray crystallographic, 


As an example of a topochemical reaction we picked the decomposition of magnesium carbonate, the 
preparation of which was described before [1]. X-ray diffractionstudies showed that the initial samples of MgCO, 
contained less than 5% of MgCOg 3H,0. 


The decomposition kinetics of magnesium carbonate and the adsorption measurements were carried out in 
a vacuum apparatus using a McBain quartz-spring balance, We found that interruptions had no effect on the rate 
of the topochemical reaction, and were therefore able to follow the changes in the specific surface in the course 
of the reaction, 


A BSV -4 tube with a copper anode constituted the x-ray source, 6 -radiation was not filtered out. We 
placed 3.5 ml of MgCO3(3 to 5 ml) into a thin capillary made of molybdenum glass. The capillary was connec- 
ted to the vacuum apparatus and inserted into a cylindrical electric furnace which contained two symmetrically 
located openings, for the passage of incident and diffracted radiation. 


A horizontal cell was placed at a distance which permitted a simultaneous recording of the 1st and 2nd 
characteristic reflections from the initial and final solid phases, Such a cell permitted a 0,02A resolution, 


The x-ray diffraction of each sample was recorded attemperatures at which definite degrees of decompo- 
sition were obtained, We subsequently compared the reflection intensities from the initial and final phases with 
the corresponding intensities from an artificial MgCO, + MgO mixture, prepared from a carbonate ignited at 40@ 
We followed the changes in the reflection intensities of MgCOg (112) and intensities from the double reflection 
of MgCOg (120) + MgO(002), 


As can be seen in Fig, 1,not all the kinetic curves exhibit an induction period, Over one of the kinetic 
curves we superimposed the points obtained in a certain x-ray diffraction experiment in which the percent de- 
composition was also followed, The points fit the curve quite wal, indicating that x-rays have no noticeable 


effect on the reaction rate, The experimental curves of percent decomposition vs, time were worked out by 
means of two kinetic equations; 


1—(l—a) = Kyl; (1) 
—In(l—a) = K,f, (2) 
where a is the fraction decomposed, t the time, and K the rate constant, As was shown by S.Z. Roginskif 


and O. M. Todes [2,3], the two equations represent two distinct reaction mechanisms. Equation (1) represents 
an instantaneous formation of a great number of nuclei over the entire grain surface and the propagation of the 


be 
“ave 
= 


new phase front towards the inside, Eq, (2) represents the reverse limiting case, where a single nucleus grows 
throughout the entire grain, As we have shown somewhere else * , Equations (1) and (2) are indistinguishable in 
the decomposition range from 0,2 to 0.7 (20 to 70%), 


TABLE 1 


Amt.of car- Interplanar dis~- Amt. of Interplanar distance 
bonate tance of the doubl carbonate | the double re- 
Temp.,| decomp.,%| reflection from flection from 


MgCO,(120) + decomp..% |MgC04(120 + 
Mg0(002),d in A 


02),d in A. 


375 
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Equation (1) gave an activation energy of 26 kcal/ 
/mole, while Equation (2) gave 27 kcal/mole. Hence, 
since the kinetic equations are indistinguishable it is im- 
possible to determine the rate-determining step in the 
given topochemical reaction, Therefore , to solve this 
problem it was necessary to study the reaction by other 
means, In Fig. 2 we have plotted a characteristic curve 
for the increase in the specific surface during the decom - 
position of magnesium carbonate, In order to determine 
whether the observed specific-surface increase was solely 
due to the greater specific surface of the newly formed 
MgO phase, or was also caused by some cracking of the 
initial carbonate surface, we calculated the total surface 
Stor = &'S' + S" (assuming that the specific surfaces 
10 20 JO 40hr of the initial solid phase and the newly formed one are ad- 
Fig.l, Kinetic curves fot the decompotition ditive);a'‘is the mole fraction of MgO; S* the specific 
of magnesium carbonate (q is the amount of surface of MgO — the carbonate is completely de- 
= composed (330m*/g); a® the mole fraction of unde- 
carbon dioxide evolved, in mg per gram of composed MeCOs arid ths (87 
MgCOy): a) at 320°; b) at 350°; c) at 375° 


(cy, points obtained in the x-ray diffraction Calculations show that the deviations from the 
experiment); d) at 425°, assumed additive character are small (from 10 to 30%), 
The molar specific surface of magnesium oxide remains 
a linear function of its concentration during the decomposition of magnesium carbonate (Fig. 2), which seems to 
indicate that magnesium oxide does not undergo any noticeable thermal sintering. A similar function for the 


molar specific surface was established by Danesh [4] in the case of magnesium oxide formed from magnesium 
oxalate, 


Table 1 shows that up to a 35-40% decomposition of MgCOg the interplanar distance d remains constant. 
This indicates that in the given decomposition range the reflections from MgO are not superimposed on those 
from MgCOs. But after 35-40% decomposition, reflections from MgOare imposed on those from MgCOs. 


*A supplementary handbook on catalysis, in print. 


Pg = 2,19 425 0 2,19 
ae 2,19 53 2,17 
we. 2,19 64,5 2,15 
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2,17 81,0 2541 
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Fig.2. Change in the total specific surface (I) and in Fig. 3. Changes in the reflection intensity from 
the specific surface of MgO (II) during the decomposi- §MgCO3(112) during the decomposition of MgCOs;; 
tion of magnesium carbonate as a function of MgO a) at 425°; b) at 375°; c) at 320°; d) artificial mix- 


mole fraction. 


“0 40 

decomposition———— 
Fig. 4. The total change in the reflection 
intensity from MgCOg (120) and MgO (002) 
during the decomposition of MgCO,: a) 
artificial mixture; b) at 425°; c) at 375°; d) 
at 320°, | 


ture, 


At 425° d changes in a similar manner with increasing per- 
cent decomposition, This may possibly be explained by assuming 
that the MgO initially formed is amorphous, then crystallizes un- 
til it attains dimensions resolvable by x-ray techniques, >30 A. 
The higher the temperature the faster should the crystallization 
proceed, 


In Fig.3 , we have plotted the reflection intensities from 
MgcCO, (112) and from an artificial mixture of MgCO, + MgO , 
where the carbonate surface does not seem to become coated 
with magnesium oxide and consequently the reflection intensity 
from MgCOg changes linearly, The increased reflection intensity 
from MgCOsg (112), relative to that from the artificial mixture, 
which was composed of fully crystalline components, may be ex~- 
plained by assuming that the incoherent radiation scattering is 
not proportional to the amount of magnesium oxide and carbonate 
present. Considering that the incoherent scattering does not affect 
to any appreciable extent the fraction of coherent scattering from 
each crystalline component, we have to conclude that the com- 
ponent being formed (MgO) is hardly involved at all in the co- 
herent scattering at low percent decompositions; such a behavior 
is typical for solids which are amorphous to x-rays, At high per- 


cent decompositions (60-70 % at 375-425°) the amount of new component producing coherent scattering increases 
while the carbonate intensity curve declines sharply. 


From the preceding discussion one may conclude that the MgO formed at low percent decompositions is in 
part amorphous to the x-ray and in part crystalline, The lower the decomposition temperature the greater the 
amorphous phase fraction, While studying the dehydration of magnesium sulfate S. Z. Roginskii, A. B. Shekhter, 
et al, [5] also observed the formation of amorphous or microcrystalline products. 


Figure 4 shows that the double line intensity in the artificial mixture increases with increasing MgO content. 
It seems that magnesium oxide can produce more coherent scattering than can the carbonate, When mixtures of 
the two components are formed during the topochemical decomposition of magnesium carbonate one observes a 


decline in the double line intensity. 


These results lead to the same conclusions as before, that at small degrees of decomposition there is formed 
some MgO amorphous to x-ray, It should be noted that on the strength of the data given in Table 1 and Fig. 3 one 
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could postulate that the MgO exhibits pseudomorphism, which was proposed by certain workers [6]. However, such 
a case would be in conflict with the nature of the curves plotted in Fig. 4, since in the case of pseudomorphism the 
curves would have some segments parallel to the abscissa; nothing of the sort is observed even at low temperatures. 


With the help of the x-ray crystallographic analysis let us try to select one of the two previously discussed 
topochemical reaction mechanisms. According to Equation (1) numerous MgO nuclei (amorphous to x-rays) are 
formed on the magnesium carbonate surface; these slowly and simultaneously begin to grow inwards and crystal- 
lize to a size > 30A. In such a case the double line intensity (Fig. 4) should initially decline, since the coherent 
scattering from the carbonate diminishes while the coherent scattering from magnesium oxide is insignificant due 
to the large amorphous component, Towards the end of the reaction the double line intensity should sharply in- 
crease due to the increased fraction of coherent scattering from MgO. And such is precisely the case in Fig. 4. 
According to Equation (2) a small number of inward-growing nuclei are formed on the crystal surface, In such 
a case the composition of the crystal surface would be similar to that in the artificial MgO + MgCOg, mixture, 
This would produce a convergence between the double line intensity (MgO, MgCOg, and the corresponding intensity 
in the artificial mixture, However, nothing of the sort was observed in our experiment. Let us note that all the 
relationships shown in Fig. 4 are only valid up to~ 70% decomposition, after which the curves for the MgO + 
+ MgCOs double line intensity exhibit a sharp bend; the latter seems to be connected with crystallization. As a 
rule,either one of the two rate laws for the topochemical reaction is found to be valid up to 70-75% decomposi- 
tion, Thus the data obtained for the decomposition of magnesium carbonate (in vacuo) suggest that the mechan- 
ism described by Equation (1) is more probable than that described by Equation (2), 
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The forbidden band width and mobility of charge carriers are the two fundamental parameters which deter- 
mine the possible applicability of a product inthe field of electronics, The laws governing the variations of these 
parameters with the composition in solid substitution compounds are not known, Experimental results which should 
provide a basis for a comprehensive solution of this problem have only very recently begun to accumulate, However, 
even the most elementary ideas lead us to believe that the AlSb — InSb system should prove to be the most interest- 
ing (with reference to the above-discussed problem) if it forms solid substitution solutions, 


Considering the exceedingly high mobility of charge carriers in indium antimonide (according to the most - 
recent data [1], 8 - 10° - 10° cm*/V * sec at 717 K) combined with a large forbidden band width (1.6ev) in alum- 
inum antimonide, we would hope to obtain highly useful products from solid solutions formed in the fused salts, 
even if the properties should change unfavorably, 


However, the existence of solid solutions in the AlSb — InSb system has not been, until now, conclusively 
proven. Similar systems studied so far, such as; AlSb—GaSb and InSb—GaSb, are composed of binary compounds 
which differ much less in their melting points than do aluminum and indium antimonides, A great difference 
between the melting points seems to create additional difficulties with respect to the homogenization of solid 
solutions, To this we may attribute the fact that all the attempts to prepare homogeneous solid solutions in the 
AlSb~—InSb system have so far failed, Even after heating of the alloys for 2500 hours ( a technique developed by 
Woolley and Smith [2]), we were unable to establish the solubility of the components over a wide concentration 
range (see Fig.1). We also found that zone refinement is not suitable for the AlSb—InSb alloys, 


A careful examination of all the previous work, and some of our initial experiments, suggested that a 
special homogenization technique may be required to produce solid solutions in this system, Below we have pre- 
sented, in brief, the results of our work along these lines, 


The impurities in the starting materials (Al, Sb, In) did not exceed 0.005%, The preparations were carried 
out in covered graphite crucibles, which were sealed in quartz tubes filled with spectroscopically pure argon, 


To achieve a more effective mixing , the samples were agitated for an hour at the maximum temperature 
(1100°), They were then tempered by submerging the glowing tubes in brine. Crystallization occurred at the 
instant the tubes burst; the resulting samples consisted of plates and highly porous fragments. A microstructural 
investigation revealed the existence of finely dispersed dark and light crystals, which were mixed with each other 
and exhibited a wide distribution of microhardness with values confined to the vicinity of each of the respective 
binary components, The x-ray crystallographic study of all the alloys yielded Debye plots containing two-line 
systems, 


The samples were next heated above the melting point of aluminum antimonide. Depending on the com- 
position, the temperature used with various samples ranged from 540 to 600°C. Distillation of antimony prevented 
any annealing above 600°C, We also tried annealing in sealed-off tubes filled with spectroscopically pure argon 
for 120 to 500 hours, We worked on the assumption that at higher temperatures the diffusion rate should be greatly 


tow 
2 
= 
@ 
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accelerated, preventing the elimination of indium anti- 
monide (or a low concentration solid solution derived 
from it) caused by a close contact with finely dispersed 
phases of different compositions. 


The investigation of our alloys yielded the follow- 
ing results, 


A microstructural investigation revealed that the 
dark crystals disappeared and that the microhardness 
distribution in each alloy became small in comparison 

w — with that in theunhomogenized samples. The absolute 
ALSD 50 % InSb microhardness was intermediate between the respective 
InSb values in the starting binary compounds, 
Fig. 1. Change in the lattice identity period in The Debye plots of each alloy gave only one syeinn 
the AlSb—InSb system [2}: a) single-phase region; F 
b) two-phase region; c) experimental results, of practically undiffused lines, The calculated identity 
periods obeyed Vegard's law (see Fig. 1). A thermal 
analysis, which is more sensitive to the presence of an- 


other phase than is x-ray diffraction, revealed weak effects at about 500° besides the strong effects typical 
of solid solutions, 


a 
b 
c 


Our experiments revealed that the weak effects were caused by the presence of a small amount of the 
indium antimonide + antimony eutectic mixture in the alloys. The formation of excess antimony is unavoidable 
when such alloys are prepared in graphite crucibles, due to the formation of aluminum carbide, Formation of 
the eutectic can be avoided by using crucibles made of aluminum oxide, The materials used in our experiments 
were so pure that the resulting aluminum antimonide,as well as the unhomogenized alloys with indium antimon- 
ide,required 500 hours in air for a complete oxidation, It is worth noting that the homogeneous solid solutions 
of the same purity, particularly in the concentration range from 50-100% InSb, not only failed to disintegrate 
in air but even withstood the action of water for 2000 hours, 


Thus by first tempering,then annealing our alloys at temperatures high above the melting point of the low- 
melting component we were able to get itrefutable proof for the existence of solid solutions over a wide con- 
centration range in the AlSb—InSb system, 


The next problem involves a detailed study of the composition diagram for this system and a preparation 
of even purer homogeneous and solid alloys for a detailed investigation of the electrical properties, 
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By studying the voltage vs time functions Roiter and co-workers were the first to demonstrate experiment- 


ally the applicability of the delayed ionic-discharge theory [1] to the electroplating of metals on solid cathodes 
at very low current densities [2]. 


Under these conditions, however, the effects of cathodic passivity hinder a study of the reaction kinetics, 
According to P. V. Hillson [3], at low current densities only activated areas, constituting about 3-10% of the 


total, participate in the reaction, At high current densities the discharge of metallic ions ought to proceed over 
the entire solid electrode surface, 


Applying the delayed discharge and nonstationary diffusion equations P, Delahay [4] and other workers 
proposed a criterion for high current-density electrode processes which makes it possible to distinguish the elec~- 
trochemical and concentration polarizations, and developed a method for the determination of the kinetic re- 


action parameters (discharge rate constants and transport number a), They used for this purpose the function; 
t\ 1 
log |} 1- eS . =f (¢), where T is the migration time, t the length of electrolysis, and ¢ the electrode 


potential, 


Recently the above-discussed method has been extended to the study of electroplating of several metals on 
solid electrodes [5]. The main drawback of this method, as the workers who developed it admitted themselves, 
resides in the well-known uncertainty of the T value obtained from ¢-—t curves, which in turn reduces the 
accuracy with which the degree of irreversibility and the kinetic reaction parameters can be determined, 


A method involving the determination of int’ as a function of i at a constant (where i is the current 
density) would be of great value as a means of differentiating between the electrochemical and concentration 
polarizations, Such a method was introduced by L. E. Gierst [6], who actually started with a somewhat formal 
analysis of the various assumptions made in describing the electrode potential as a function of the discharge rate 
constant, Despite its obvious advantages the method has not so far been developed or systematically applied to 
the study of the electroplating of metals on solid electrodes at high current densities. Moreover, the inadequate 
knowledge of these processes hinders any improvement of the available,and development of new, technological 
methods for the electrolytic preparation of compact and powdered metals, 


In the present work we aimed at finding out whether the fundamental kinetic equations for the delayed 
discharge and nonstationary diffusion are applicable to the electroplating of topper and cadmium on like solid 


electrodes at high impressed current densities, To the sulfates of these metals we added an excess of supporting 
electrolyte and studied the solutions at 18-20°C. 


When the concentration polarization arises as a result of a retarded diffusion of metal ions to the cathode 
surface, 
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it's = 1/,2F [1 — *, 


where cy is the concentration of metal ions far from the 
electrode, D the diffusion coefficient of the metal ions, 


and A ¢ the electrode polarization. 


Pig. 1, ‘The csciilogeam of A t for the exponential term may be 
0.05M CdSO, + 0.5M NagSOy at i = 

= 8ma/cm? (1 mm on the time axis is it? = V/yzFr"?D"Cy. (1) 
equivalent to 1 sec, and on the polar- 


ization axis to 80 mv). In such a case inf is independent of i and Ag, 


TABLE 1 
The Values of ith 10° (amp cm™-sec 1/2) 


x 
+ rel at Various Cathode Polarizations 
1 


l J 
0,35 | 0,40 | 0,45 


0,05M CdSO4+0,5M 


22 23 25 _ 25 
18 24 23 23 23 


Ag, V 


0,40 | 0,50 | 0,60 | 0,70 


0,2M CuSO,+0,5M H2SO, 


83 89 93 93 
82 88 95 95 


4 


1 4 


+10 

Fig. 2. A plot of it a ainsti. 

= When concentration changes on the electrode give 

rise to electrochemical polarization 

(0.25 v); 2) 0.1M CuSO, +0.5M P 

HeSO, (0.40 v); 3) 0.2M CuSOg+ 

i —azF(Ae—?p) / RT 

+ HgSO, (0.40v). it * = “D"Co [1 
where %p is the equilibrium electrode potential, k, = keWo/RT (k is the discharge rate constant, Wy) activation 
energy at ¢ = 0). In deriving this equation we assumed that the currents produced by the double layer charges 
and by the ionizgtion of metals are negligible and also that the discharge of ions follows first-order kinetics. In 
such a case it 1/2 is inversely proportional to iat constant Ag and directly proportional toAg at constant i, 


In cases where ky and Ay are large the exponential term in Equation (2) becomes very small and Equa- 
tion (2) changes into Eq. (1), where diffusion controls the reaction, 


Our experimental data on copper and cadmium are in good agreement with these functions, 


In Fig. 1 we reproduced the oscillogram of Ayvs.t’**as an example; in Fig. 2 we plotted it 14 against i, 
and in Table 1 we listed the values of it! *a various cathode polarizations in some of our electrolytes, 


* This function can be derived from the well-known equation for the concentration polarization and the Sand- 
Levich equation for nonstationary diffusion [7]. 


* *Equation (2) is a simultaneous solution of the delayed discharge and diffusion equations. 
***The oscillograms were recorded on a MPO-2 oscillograph, 


40 
0 
amp; 
29,5 
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We found that in accordance with Equation (2yir 4 is indeed a linear 
function of i* and increases with Ay. The latter function approaches a fixed 
limit, given by Equation (1), which was also confirmed by calculating the 14 
diffusion coefficients of copper and cadmium using the — values of it 
Thus, for example, for 0.05M Cd" at A ¢ = 0.45 20,024 amp cm "2, 
*sec” andD ~ 0.78 +10 cm¥sec; the latter is in aj agreement with the values 
of D calculated by other methods. With copper,higher cathode polarizatio 
are required than with cadmium in order to attain the limiting value of it“, 
& which fact is attributed to a greater degree of reaction irreversibility, 

120 


160 


Our results indicate that it is possible to use the oscillographs of A ¢ vst 
on solid electrodes for the determination of diffusion coefficients. 


100 1 1 1 

26623 «22 «bf 1 h 

—<— -lge When t_ is smgll enough so that it “ may be neglected in comparison 
with $zF m/, p*2 Cy Equation (2) is transformed into the equation: 


Fig. 3 


2,203RT | 


Ag = const + 


which may be used to calculate the transport number a. 


In Fig. 3 we have plotted Ag against logi in 0.05M CdSO, + 0.5M Na,SO, (for = 0,02 sec), The value 
of a calculated from the slope is 0.09, This value is close to a = 0,08, which was determined by the Faraday 
rectification method for the discharge of Cd and Hg in the presence of K,SO, [8]. 


Therefore we can conclude on the basis of our experiments that the electroplating of copper and cadmium 
from the investigated solutions at high current densities proceeds under conditions where, besides concentration 
effects ,there also occur some electrochemical changes on the solid electrodes, The kinetic equations for delayed 
discharge and concentration polarization are applicable to these processes, When the solution in the vicinity of the 
cathode becomes deficient in the discharging metal ions, making the potential more negative (Fig.1), the pro- 
cessrapidly becomes diffusion controlled instead of being controlled by the electrochemical reaction, At the 
same time our observations have shown that the electroplated metal changes from a compact to a loose deposit 
on the electrode surface, 
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“If convection is involved the function of it * vs. i will loose its linear character, or in other words,if i is 
such that the time required to attain a definite electrode polarization is large. This can be shown by the dotted 
section of line 3 in Fig. 2. 
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WITH RIGID CHAINS 
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It is a well-known fact that the flexibility of polymers depends on the chemical structure of the molecular 
chains constituting the polymer and on the degree of interaction between chain segments, 


The properties of polymers with flexible chains, particularly their transition temperatures have been inves- 
tigated in great detail [1-3]. One of us also studied the transitions in nitrocellulose, which has very rigid chains , 
The polymer was plasticized and the transitions were studied as a function of its molecular weight [4]. It seemed 
also worth-while to study the transition points of synthetic rigid-chain polymers; such an investigation would be 
of a great practical value since it involves the methods and conditions used in industrial processing. 


As an example we picked polyurea,which has a particularly rigid molecular structure, Polyurea was pre- 
pared by condensation polymerization at a boundary between two liquid phases, This technique has been suc- 
cessfully applied to the synthesis of several high molecular weight condensation polymers [5,6], The method es- 
sentially involves a slow diffusion-controlled condensation polymerization between the reactive bifunctional 
monomers, dissolved in two immiscible liquids, in contact with each other, ‘We thus prepared our polyurea resin 
by dissolving phosgene in benzene and hexamethyl diamine in water, A 7% sodium oleate was used as emulsifier. 


By carrying out the synthesis of polyurea several times we were able to find the optimum conditions for 
the preparation of high molecular weight products, These conditions are; the reaction, which is instantaneous 
at room temperature, will result in the formation of a high molecular weight polymer only if a 15% solution of 
hexamethylene diamine is saturated with sodium carbonate and sodium chloride, After the polymer precipitates 
it is filtered out, washed thoroughly with water, and dried. The white powdered, polyurea was completely in- 
soluble in most of the common organic solvents, with the exception of cresol and formic acid. The polyurea 
swells in dimethyl formamide, furfuryl alcohol, and pyridine, To isolate the fraction with the highest molecular 
weight we dissolved the polyurea incresol and fractionally precipitated the compound from a 0.2% solution with 
diethyl ether. X-ray and electron diffraction data indicated that the polyurea thus prepared was amorphous and 
had a highly ordered molecular structure (Fig. 1), The thermomechanical studies, carried out on a variable- 
weight dynamometric balance [1], gave a linear relationship between deformation and temperature (Fig. 2, 1) , 
indicating that up to the decomposition temperature the polyurea remained a glass, At temperatures around 230- 
300°C the sample undergoes a gradual chemical decomposition, evidently due to oxidation, 


Asis well known, transition points can be substantially lowered by plasticizing rigid-chain polymers, and 
we therefore used this technique on polyurea, We used two plasticizing processes; by the use of other polymers 
with flexible chains and the use of low molecular weight solvents, For the first process we used a 1:1 copolymer 
between caprolactam and adipic acid; m-cresol was used as the low molecular weight liquid in the second pro- 
cess, The thermomechanical properties of the initial polymers and of their mixtures are shown in Fig, 2. The 
results indicate that actually only the transition point into the viscous state can be decreased below the chemical 
decomposition temperature when the polyurea to the copolymer ratio is 1:1.6 (Fig. 2, 3). 
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Fig. 1. An electron diffraction 0 77) 


pattern of polyurea, Fig. 2, Thermomechanical curves, 1) Polyurea; 


2) copolymer (1:1); 3) a 1:1.6 mixture of the 
polyurea and the copolymer; 4) a similar 1:4 mix- 
ture, 


By increasing the amount of the copolymer to 75% (by 
weight) we were able to detect both transition points; 

the flow point T, and the vitrification point T, (Fig.2,4). 
Of course, when such large amounts of copolymer are 
mixed with the polyurea the copolymer will essentially 
be responsible for the observed thermomechanical pro- 
perties of the mixture, However, the plasticizing effects 
of the copolymer can be shown by comparing the thermo- 
mechanical curves of the individual mixture components, 
If there were no plasticizing action the mixture as a 

Fig. 3. The thermomechan- whole would not have exhibited a Ts, From these results 
ical curve of polyurea plasti- one can,in addition conclude that it is evidently possible 
cized with cresol, to render flexible polymers more rigid by mixing them 
with fixed amounts of rigid-chain polymers (provided the 
two are mutually miscible), 


1 


50 00° 


In trying to plasticize polyurea with low molecular weight compounds we encountered great difficulties, 
The problems were connected with the fact that the solubility of this polymer is very limited, even in cresol, 
and the solubility increases with rise in temperature, We therefore had to use a rather unusual method of piasti- 
cizing, which permitted only a qualitative study of its effects. A polyurea tablet was placed in an aluminum 
cup filled with cresol, kept in this state for 4 hours, and studied on a dynamometric balance under these same 
conditions, The results of these tests, shown in Fig, 3, demonstrate unequivocally the plasticizing action of 
cresol on polymers, The experimental results indicate that the transition points of rigid-chain synthetic poly- 
mers which have no chemically bonded three-dimensional branches and whose transition points normally lie 
above the chemical decomposition temperature can be decreased by various plasticizing techniques, and conse- 
quently the polymers can be processed into various plastic products, 
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P. A. Rebinder 


Institute of Physical Chemistry of the Academy of Sciences USSR. 
Chair of Colloidal Chemistry at the M. V. Lomonosov Moscow State University 


Surface -active agents of the calcium lignosulfanate type (sulfite cellulose brine products, s.c.b,) are used 
extensively to reduce the hydration rate of calcium oxide during setting [1], thus allowing wet grinding of un- 
slaked lime used for cementing, and also the installation and reinforcement of materials and products derived from 
lime, without decreasing its ultimate strength, It has heretofore been assumed [2] that the initial hydration step 
slows down or even ceases entirely when the layers of a compounds adsorbed on the cement grain surface reduce 
the reaction rate with water by forming high diffusion barriers in intermediate layers, 


The experiments described in the present paper showed that the formation of adsorption films on the initial 
calcium oxide surface constitutes neither the sole nor even the main reason for the rate-reducing effects of the 
surface-active agents, 


The suspensions of portland clinker [3] and tricalcium aluminate [4] previously studied in our laboratory 
have demonstrated that the compound added to the liquid phase of the suspension is adsorbed on the nuclei of 
the new structure formed during the hydration of the cement, The formation of an adsorption layer greatly 
reduces the growth of new nuclei by stabilizing their colloidal dimensions, 


The formation of stabilized nuclei will continue until practically the entire surface-active agent is removed 
from the liquid suspension phase, Only then will there arise nuclei capable of growing and fusing, i.e., of forming 
a crystal structure, When calcium oxide is hydrated in the presence of some s.c.b., tiny crystalline nuclei of 
Ca(OH),, are also formed and are stabilized by the added agent [5,6]. 


TABLE 1 


The Ca(OH), Gontent (g/liter) in the Filtrate Obtained from a 4% Suspension of CaO to 
which Various Amounts of s.c.b, Were Added, 


Filter /Time s.c.b, content in the initial suspensions, 


ore tween prepa 
Siamete pation g /100 ml of solution 

ltration of 

the suspen~ 


sion, min 0,24 0,36 0,96 1,92 4,0 


2,20 
3,87 


= 
a 
= 
| 
3 
5.60 
6°30 6,90 
’ 
4,34 6,30 7°50 
4°50 5,00 6.3 
1—1 ) 4,50 
| 
11,5 = 
or | 
20—25 | 
ball 


In Table 1 we have presented the analytically determined Ca(OH), concentrations in filtrates prepared 
from CaO suspensions and containing various amounts of s.c.b, but having practically identical specific conduc - 
tances (k = 18,5-19.0 ° 1073 


It should be noted that the electrical conductance of such filtrates depends almost entirely on the concen- 
tration of Ca(OH), in solution, since the contribution from the unadsorbed s.c.b, remaining in solution is very 
small [5]. 


Table 1 shows that for equal specific conductances(which indicate similar liquid phase compositions)the amount 
of Ca(OH) , as determined by titration, increases when more s,c.b, is added, when coarser filter is used, and also 
when the filtration is delayed, These results could only be explained by assuming that stabilized colloidal 
Ca(OH), particles pass into the filtrate, 


The very slow decrease in supersaturation of the filtrates, followed by the decline in the specific conduc- 
tance (a 3-5% decline in 24 hours), indicates that these filtrates were not supersaturated with Ca(OH), extensively 
enough to form new nuclei, while those already present recrystallized very slowly due to the fact that their surface 
was blocked with adsorbed layers of the s.c.b, 


We can assume that the reduced hydration rate of CaO in the presence of s.c.b. is essentially due toa reduced 
solution rate of CaO in the highly supersaturated solution; the supersaturation level is maintained by the enhanced 
solubility of colloidal Ca(OH), nuclei,stabilized with the surface-active agent according to Thompson's rule. 


Actually, since the solution rate is proportional to the difference between the concentration of a hypothet- 
ical calcium oxide solution (maximum supersaturation) and the actual concentration at a given instant, then it is 
quite obvious that CaO will dissolve much slower in a solution where the high concentration is constantly being 
maintained with the help of stabilized colloidal Ca(OH), particles, than in a simple saturated solution of Ca(OH)y.. 
and consequently the rate of the entire hydration process will be reduced, 


To prove that the above-made assumptions were correct it was necessary to investigate the hydration rate 
of calcium oxide in solutions highly supersaturated with Ca(OH), or in other words, in a filtrate containing 
stabilized Ca(OH), nuclei, The final concentration of the unbound surface-active agent should be small enough 
in such a filtrate that its effects on the hydration rate may be neglected, 


The final concentration of s.c.b, in the filtrates was determined with a photoelectric microcolorimeter [7]. 
The calibration curve was constructed using standard s.c.b, solutions acidified with concentrated HCl; in these 
the calcium ion concentration was made approximately the same as that in the experimental solutions where the 
final s.c.b, concentration was determined, since the solution color depends on the calcium ion concentration, 
The final s.c.b, concentration thus determined in an acidic solution included not only the free s.c.b. in the liquid 


phase, but also the amount adsorbed on the colloidal particles which had passed through the filter, and was there - 
fore somewhat too high, 


The hydration rate of calcium oxide was followed by carrying out the experiments in Dewar flasks and 
recording the temperature increase produced when a 25% CaO + 75% CaCO, mixture (the latter was used as an 
inert filler) were slaked with s.c.b. solutions of various concentrations (0, 0.05, and 0.75¢/ 100 m1 of solution) 
and with colloidal solutions prepared by agitating 1.5 g of CaO in 50 ml of a 0.75% s.c.b, solution for 10 min, 
The liquid phase of the resulting suspension was separated from solid residue in two ways;it was either filtered 
through a 2u pore diameter filter (solution A) or decanted after the larger particles had settled down (solution B), 
Solutions A and B had identical specific conductances, equal to 18.00-10°%, which corresponds to a solution super- 
saturated with Ca(OH), (for a saturated Ca(OH), solution k = 7.8 + 10-4) but unsaturated with CaO (for a meta- 
stable saturated CaO solution k = 22,00 +1078), The total Ca(OH) and s.c.b, content in solution A was 0.47 
and 0,05g /100 ml of solution, respectively, and in solution B 2,8 and 0,75g/100 ml, respectively. 


Curves 1 and 2 in Fig, 1 show that the addition of 0.05 g of s.c.b. per 100 ml of solution has very little 
effect on the rate of CaO hydration, When the mixture is, however, slaked with solution A, which has the same 
s.c.b, concentration but is highly supersaturated with Ca(OH), the hydration rate is reduced (See curve 2, Fig.1). 
Since the net effects of s.c.b, can be neglected, the reduced hydration rate can only be attributed to the adverse 
effects of supersaturation on the solution rate of CaO. 


C 
90 


80 


10 


50 


50 


40 


J0 


Fig. 1. Temperature changes observed when a 25% CaO + 
+ 15% CaCO, mixture is slaked with various solutions 
(V/T = 0.4). 1a) Distilled water; 1b) 0.05% s.c.b.solu- 
tion; 2) solution A; 3) solution C; 4) solution B; 5) 
0,75% s.c.b. solution, 


20 


When we add to the mixture solution B having the same specific conductance as solution A but containing 
many more colloidal particles, the hydration rate decreases much more (Curve 4, Fig, 1) than in the case where 
solution A was used, and it becomes practically identical with the rate observed when the mixture is slaked with 
a 0,75% s,c.b, solution (Curve 5, Fig.1), Therefore, the higher the concentration of the colloidal particles (for 
any fixed initial degree of supersaturation) the longer will the supersaturation be maintained, thus effectively 
reducing the rate of CaO solution and consequently the rate of the entire hydration process, 


If solution B is left standing for 24 hours, the supersaturation level declines as a result of recrystallization 
and the specific conductance decreases from 18,00 to 14,00 » 10 ~ although the total Ca(OH), and s.c.b. content 
remains constant, The less-pronounced hydration rate reduction observed when the mixture is slaked with a solu- 
tion thus aged (solution C, Curve 3 in Fig. 1) underscores the great importance of the absolute magnitude of super- 
saturation in determining the hydration rate of calcium oxide, 


Therefore, we have to assume that the basic cause underlying the retarding action of surface-active plasti- 
cizers, such as s.c,b,, on the hydration rate of CaO involves the decreased solution rate of calcium oxide in the 


excessively supersaturated solution; the latter is supported by the stabilized colloidal Ca(OH), particles the growth 
of which is sharply reduced by the surface-active agent. 
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MULTIPLE PHASE INVERSION IN EMULSIONS 


L. Ya. Kremnev and L. A. Borodina 
The State All-Union Highway Scientific-Research Institute 


(Presented by Academician P. A. Rebinder July 9, 1959) 


The conversion of a concentrated direct O /W emulsion into an inverted W/O emulsion is usually brought 
about by altering the properties of the emulsifier, e.g., by replacing a hydrophilic alkali soap with an oleo- 
philic alkaline earth soap, or by using a neutral electrolyte to salt a soap out of an aqueous solution, Most of the 
experimental work in this field has been carried out on pairs of immiscible liquids of low Newtonian viscosity [1]. 
Here, breaking results when phase inversion is attempted in maximum concentration emulsions where the bulk 


concentration is considerably in excess of 74%, the value corresponding to maximum density of packing of 
identical spheres, 


Thixotropic structured liquids behave differently, Asphalts and tars belong to this class of substances, 
these materials having high effective structural viscosities which diminish sharply as the temperature rises and 
breakdown of the spatial structures from the kinetic energy of thermal motion becomes extensive, It has been 
shown earlier that asphalts and tars in the structured liquid state * can form both direct and inverted emulsions 
(including maximum emulsions of the O/ W type), depending on the conditions of emulsification, with full re- 
tention of the typical hydrophilic properties of the emulsifier, 


This fact makes it possible to carry out multiple phase inversion in these emulsions. A W/O-type emul- 
sion is always formed in the first stage of mixing a structured liquid asphalt with an aqueous solution of a hydro- 
philic emulsifier, The droplets of the aqueous phase can be stabilized here by the mechanically stable asphalt 
structure and by oleophilic surface-active substances which may be present in the system. 


It is characteristic that such an inverted emulsion is like the asphalt itself in being a viscous structured 
system, i,e,, a spatial network filled with water droplets, The asphalt with its liquid filling is a classic instance 
of a gel and possesses all of the characteristic properties of the latter, including the ability to undergo syneresis. 
The maximum concentration of the inverted emulsion depends on the amount of the emulsifier in the aqueous 
phase, but it is usually well below the limit corresponding to maximum packing density of identical spheres, 


Furthermore, an emulsion of the W/O type is formed on mixing with an excess of the aqueous solution of 
the emulsifier, the concentration of the direct emulsion readily passing to the limiting value with further dis- 
persing of new portions of the asphalt, 


The resulting limiting O/ W-type emulsion once more goes over into a W/O emulsion when it is agitated 
with a small excess of the unemulsified asphalt, This completes one phase-inversion cycle which can be re- 
peated n times to give the multiple inversion represented by (B/W = M/ B)ns 


Figure 1 presents results on emulsification and phase inversion which have been obtained with B-5 asphalt 
and aqueous solutions of various hydrophilic anionic and cationic active emulsifiers at 20°, the asphalt being 
in the structured liquid state. 


* All brands of asphalt will pass from the solid form into the structured liquid state at temperatures in excess 
of 40° [2] , and the less viscous types, such as B-5, are structured liquids even at ordinary temperatures. 
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Fig. 1. Cycle of multiple phase inversion in emulsions: a) 
in inverter A; b) in sulfo-alcholic liquor. 


There was no particular difficulty in carrying out repeated inversions of 5-6 cycles, and this number could 
be increased at will since it was limited by the volume of the vessel alone. Elevated temperatures were used in 
emulsification and phase inversion of the viscous asphalt in order to insure that the latter be in the structured 
liquid state. Similar results were obtained with tars, 


Different mechanisms are involved in the phase inversion of direct and inverted emulsions. The asphalt 
drops of the limiting direct emulsion are deformed into pentagonal dodecahedra which are separated by extremely 
thin films of the aqueous solution and thereby kept from coagulating. On the basis of the complete differentia] 
curves showing the distribution of droplets over dimensions, we have concluded that the minimum critical depth 
of the protective films in the limiting asphalt emulsions is of the order of 10° cm. The continuous spatial struc- 
ture of extremely thin protective aqueous films has low stability [3] and can be readily broken mechanically by 
mixing the limiting emulsion with a small excess of the unemulsified asphalt, The action of the molecular 
forces of surface tension causes the separate water films to take on the form of microscopic spherical droplets 
when the network breaks, These droplets are then incorporated in the voids of the continuous spatial network 
which once more develops from coalescence of the unprotected asphalt drops. Thus an inverted emulsion is formed 
from the direct emulsion, The theory of Academician P, A, Rebinder [4] indicates that the stability of the invert- 
ed emulsion is fixed by the universal structural-mechanical barrier, especially with hydrophilic emulsifiers of 
high concentration, The concentration of the inverted emulsion which is produced in the phase inversion can be 
increased somewhat by mixing with additional portions of the aqueous solution of the emulsifier, 


Such a W/O emulsion is a gel-like system of asphalt filled with water droplets and it can be dispersed 


under favorable conditions in an excess of aqueous solution of the emulsifier with inversion and production of a 
stable direct emulsion, 
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A THERMODYNAMIC STUDY OF THE KBr-RbBr-H3,0 SYSTEM AT 25° 


L. L. Makarov and G. S. Popov 
The A. A. Zhdanov State University, Leningrad 
(Presented by Academician A. N. Terenin June 22, 1959) 


The free energy of formation of KBr—RbBr—H,O solid solutions was evaluated in the present work by develop- 
ing the 25°solubility isotherm in the KBr-RbBr—H,O system and measuring the pressure of water vapor above ternary 
solutions,The apparatus and the analytical procedure which were employed here were similar to those described in 
[1].The activity coefficients for the components in the various phases were calculated through the following equations; 


The Storonkin~-Shul'ts Equation [2, 3] 


Ig — \ 9 (x) Igay, 4, (1) 


is the activity coefficient, x is the mole fraction, and the integral 


is evaluated for alteration of composition along the solubility isotherm. 


The McKay-Perring Equation [4] 


0,036 Ig ar = \ — = -|- x d lg (2) 
re x é 


in which m is the total molar concentration of electrolytes (m = mj+mp), yj, is the activity coefficient of 
the i-th component of a ternary solution in which the water activity is fixed at aj;, amd M,; and Tj are, 
respectively, the molarity and the activity coefficient of this component in a pure aqueous solution in which the 
water activity is also ay, 20° The integral is evaluated for alteration of composition along a section x}, = m,/m = 
= const, 


The results of [5] are in good agreement with those of the present work (Table 1) and they have therefore 
been used in the calculations. 


The isothermal vapor pressure, Pyy yor curve for the saturated KBr—RbBr solutions is smooth and has a 
minimum at the congruent point (D = 1) where the solubility m is a maximum, just as required by theory [2]. 


An isothermal ~ isotonic study of the ternary solutions (T, any 0 = const, XH variable) leads to a linear 
relation, exact to within 0.2%, between 1/m and Xn? 


a being the slope. 
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TABLE 1 


Liquid phase composition 


«Ser 


™KBr 


5,748 
5,268 
4,427 
3,972 
3,903 
3,689 
3,576 
3,354 
3,260 
3,348 
3,120 
2,702 
2,116 
~ 10-8 


*Coefficient of crystallization. D= 

*KBr™RbBr 


The broken curve of Figure 1 covers values of p,, 
which were obtained from Equation (3) by extrapolatio' 
over narrow intervals, The agreement between the two 
curves is good, These curves were used in evaluating py; Re) 
for solutions in which the solid phase composition was 


known and led to the results given in Table 1, 


Equation (1) was not used for concentrations lying in 
the interval 0.42 < xf}, < 0.65 since the integral function 
y (x) x(S) is very sensitive to experimental errors within 
this range (¢ (x) -*+ 00 when D1), 


Condition (3) reduces the McKay~Perring Equation 


my; 
= 1, (4) 


0 2 4 6 The activity coefficients are given in Table 2,There 

afi Ty BE mae Br is good agreement between the results which were obtained 
M5 by the various methods, This fact is illustrated by Figure 2 

which shows the relation between 2 and the composi- 


Fig. 1. Isothermal curve showing the vapor 


pressure of water above solutions saturated tion of the solid solution, A maximum appears on the 


with respect to mixtures of KBr and RbBr at ), curve at a low value of oo just as in the case 
25°; 1) results from direct isotonic measure- ruth 
ments; 2) values of py, 0 obtained from 


Equation (3) can be the result of experimental error, for the error in the 
. : determination of f at any one concentration is less than 


2% and has only slight effect on the calculated results.The form of the f ats curve in the neighborhood of 0 


=1 is such as to indicate the existence of a similar maximum on the fs) curve.Nevertheless,the mean of values 


obtained from Equations (1) and (4)* was used in calculating f weft the Gibbs-Duhem Equation, Small varia- 
tions in f {s) have. very little effect on the value of AZ. 


E a cannot be determined directly from Equation (4) because of the large error which is involved in extra- 


polating and = 


™RbBr | | 

~ 10-6 ~10-8 5,748 0,404 49,178 
0,059 0,842 6,110 0,394 18,987 

0,214 2,233 6, 660 0,540 18,673 

‘ 0,319 2,936 6,908 0,633 18,523 

: 0,326 3,054 6,957 0,674 18,505 

é 0,400 3,334 7,020 0,738 18,455 

0,425 3,528 7,104 0,750 18,436 

0,433 3,684 7,035 0,697 18,420 

0,512 3,882 7,142 0,882 18,417 

0,529 3,838 7,186 0,979 48,417 

0,533 4,064 7,184 0,878 18,417 

0,646 4,360 7,062 1,133 18,434 

; 0,757 4,912 7,028 1,344 18, 483 

1,00 6,737 6,737 18,884 
4 192 

\ 
\ 
\ 

48 
\ 
186 \ 
to 
_ \ 
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TABLE 2 
Activity Coefficients for RbBr and KBr at 25° 


Activity coefficients 


Equa(1), M.-P. [Equas.(1)(4) 


— 
4 


(4),M.-P. 


~ 10-8 0,564 
4,030 0,557 
2:210 0,549 
3,080 0,542 
3,526 0,537 
3,860 0,535 (0,535)* 
4,010 0,534 (0,534)* 
4,490 0,534 (0,534)* 
4,735 0,533 0,534 
5,047 0,532 0,534 
5,285 0,534 0,534 
5,475 54! 0.5.9 0,534 
5,620 0,527 0,532 
5,505 0,524 0,540 
6,74 0,514 0,514 


Coro 


CO 


RSRGSRONSE 


*Values obtained from Equation (4), 


‘Rb Br 
Fig, 2, The relation between the activity coefficient, ce 
and the composition of the solid solution: a) results ob- 
tained from Equation (1); b) results obtained from Equation 


(4). 


Table 3 gives values of the unavailable energy, TAS, and the change in free energy, AZ, and enthalpy, 
AH, the principal thermodynamic functions, for formation of KBr —RbBr solid solutions from the pure salts at 25°, 
Experimental values of AH are not available; the table contains values from Durham and Hawkins [7] and other 
values which we have calculated from the fourth-approximation equation of the Wasastjerna statistical theory [8] 
which is generally capable of reproducing the experimental results to within the limits of error [9,10]. Only 
values based on [8] were used in the calculation of TAS and the results obtained are no more than provisional. 


~ 10-8 
0,068 
0,206 
0,336 
0,422 
0,512 
0 533 
0,655 
0,716 
0,899 aa 
1,00 00 
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TABLE 3 


All 
—AZ TAS Stirlin 
from [7] | from [8] from 
0,4 150 36 81 234 190 194 
0,2 222 135 357 295 
0,3 260 84 166 428 345 364 
0,4 280 — 180 462 374 400 
0,5 283 106 182 466 384 412 
0,6 270 _ 176 448 376 400 
0,7 242 82 159 403 347 364 
0,8 202 1.6 326 295 
0,9 152 36 176 207 191 194 


The Stirling Equation and the Wasastjerna-Hovi Theory [11] were used in obtaining values of TAS from AH and 
AZ. The error in AS is clearly less than 5 % and it can therefore be concluded that KBr— RbBr solid solutions are 
not regular, despite suppositions to the contrary in[7]. The relation between the AS values from the various 
theories is entirely analogous to that which numerous investigators have observed earlier in KC] —NaCl [12], 
KCl -KBr [13], etc.,solid solutions,and obviously results from the presence of a certain number of Schottky defects. 
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A COMPARATIVE STUDY OF INDUCED CONDUCTIVITY 
AND FREE RADICALS IN THE RADIOLYSIS OF SOLID PARAFFIN 


V. Le Tal'roze and EL L. Frankévich 
The Institute of Chemical Physics of the Academy of Sciences of the USSR 
(Presented by Academician V. N. Kondrat’ev July 10, 1959) 


The mechanism of the free-radical formation is one of the principal problems of radiation chemistry and 
one which has assumed added significance in connection with the production of "frozen" radicals through 
irradiation, It has become the custom to refer in the literature to radicals of “ionizational™ or "nonioniza- 
tional" origin, The first.of these terms is generally used to designate radicals arising from recombination of 
the charged particles which are produced by the radiation.In addition to recombination,these ion-molecule reac- 
tions can also play a vital role in the formation of free radicals. The significance of these reactions has found. 
expression in the Lind hypothesis [1] and has been fully confirmed by the present authors [2, 3], by Stevenson and 


his co-workers [4], and by Field, Franklin, and Lampe [5]. This work has demonstrated the exceptional chemical 
activity of ions in the gaseous phase, 


There is no doubt that gas-phase radicals of *ionizational® origin are accompanied by other radicals arising 
from the direct dissociation induced by electron impact. The most recent evidence on this point has been ob- 
tained by Firestone [6]. Differences in regard to energy-transfer processes, the presence of “cell” effects, and 
the thermodynamics of charged particles all undoubtedly lead to vital distinctions in the genesis of free radicals 
and ions in condensed and in gaseous phases, Less energy is required for ionization in a condensed phase than 
in a gaseous phase, It can be supposed that a first approximation to the ionization potential of a molecule in a 
condensed phase would be given by [7]: I, = I - 2E, I being the ionization potential in the gaseous phase, and E, 
the polarization energy. Measurements on the temperature dependence of the electrical conductivity of solid 
hydrocarbons give an activation energy of ~0.5 - 1.1 ev [8,9]. This would correspond to an ionization energy 
of 1-2.2 ev, if it is assumed that the temperature variation is determined by the ionization step, and that the re- 
combination of the current carriers follows a second-power law. The ionization potential of such a substance 
in the gaseous phase is, on the other hand, 6-10 ev. Thus the observed diminution in the ionization energy is 
quite large in every case, even though it cannot always be described by the equationI =I - 2E; it should be 
noted further that the polarization energy can scarcely be evaluated with accuracy since it is quite sensitive to 
a number of factors which are known only imperfectly for substances of this kind, 


As far as we know , attention has not yet been turned to the fact that the diminution of the ionization 
potential in a condensed phase can entail a sharp reduction in the probability of free radical formation through 
recombination of ion pairs, a process which is very significant to gas phase * radiolysis. Thus an ion pair whose 
energy of formation was,for example,2 ev would not liberate enough energy in recombining to break most bonds, 
Analysis also shows passage from the gaseous to the condensed phase to be accompanied by a decrease in the heat of 


reaction for ion-molecule processes, many of these reactions being exothermic in the gaseous phase and endo- 
thermic in condensed phase, 


Thus it might be supposed that the basic elementary reaction involved in free-+adical formation by radio- 
lysis of a condensed phase would be the direct rupture of a bond with the production of two neutral particles, or 
one neutral particle and one charged particle, It is to be noted, on the other hand, that the cell effect frequently 
leads to preferential break off of the H atom from compounds which contain this element. 


* We have assumed at the outset of this study that the free radicals which are formed in the radiolysis of a con- 
densed phase are largely of ionizational origin [12]. 
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The authors have attempted to find an experimental approach to the problem of ion-radical “interaction® 
in the radiolysis of a condensed phase, The EPR method was used here for a combined study of the conductivity 
induced in solid paraffin by a beam of high-speed electrons,and the generation and breakdown of free radicals, 


The melting point of the paraffin was 52-55°C, and corresponded to approximate maximum content of the 
Cos alkanes, It is clear that this paraffin did not contain easily ionizable substances, since the temperature de- 


pendence of its “dark" conductivity was somewhat more marked than was the case with the very pure paraffin 
studied by Ril’ [8]. 


The electrical conductivity was measured by fusing aluminum foil electrodes, 30 in thickness, into a 
paraffin cylinder which was 3 mm long and 10 mm in diameter, The area of that portion of the electrodes which 
was sealed in the paraffin was 5X 3 mm?, and the electrodes were separated from one another by 1 mm, The test 
specimen was set into a cylindrical container through which nitrogen (from evaporation of the liquid out of a 
Dewar flask) was passed, The nitrogen reached this container by passing through a brass tube whose temperature 
was fixed by a spiral winding. The temperature of the specimen could be varied from -120 to+ 50°C. The tem- 
perature was measured by a thin thermocouple which was inserted in the space between the electrodes, 


A potential difference, V, of 1000 volts was applied to the electrodes of the specimen,and the current flow 
then measured on an EPP-09 recording potentiometer after being fed through a EMU-2 electrometric amplifier. 
This arrangement was used in measuring both the “dark" conductivity and the conductivity of specimens which 
had undergone preliminary irradiation, Irradiation with 1.6 Mev electrons at the temperature of liquid nitrogen 
and in an atmosphere of nitrogen was carried out on the cascade generator of the Institute of Chemical Physics 


of the Academy of Sciences of the USSR. Decelerated electrons which had fallen on a lead target were used in 
direct measurement of the conductivity under irradiation, 


The specimens were inserted in the EPR apparatus of the Institute of Chemical Physics of the Academy of 
Sciences of the USSR[10] after preliminary irradiation with high-speed electrons and making of simultaneous 
measurements of the conductivity and the electron paramagnetic resonance spectra with the resonator set directly at the 
point where the electron beam left the accelerator, Each specimen had the form of a cylinder, 4 mm in diameter, 
into which copper electrodes, 3 mm wide and separated by 1.5 mm, and a fine thermocouple, were sealed, The 
specimen was placed inside the resonator, The temperature of the specimen could be varied from +150 to -100°C 
by blowing a stream of heated or cooled nitrogen over it. 


The conductivity of the paraffin was increased by irradiation with x-rays, just as was anticipated. 


The conductivity fell under the action of the electron beam at temperatures in the interval 77-250°K, the 
time of fall being less than the time constant of the electrometric circuit (0.5 sec), This same rapid decrease 
in the conductivity was also observed at higher temperatures when the beam was first turned on, but this was 
followed by a more gradual diminution, The higher the temperature of the specimen, the smaller the propor - 
tionate decrease in the induced conductivity during the time of this "rapid" diminution (Fig. 1). 


Experiments were carried out in which the paraffin was first 
given a preliminary irradiation with high-speed electrons at 77K 
and its conductivity then measured as it warmed up. A “flare-up” 
effect was observed under these conditions, the conductivity be- 
coming pronounced many degrees below the point at which or- 
dinary “dark” conductivity would appear on heating an unirra- 
diated specimen, and then falling to the dark value with further 
- heating (Fig. 3, b). This flare-up in the conductivity was not ob- 
32 48 64 SNsec served when the specimen was subjected to a second cooling and 

heating. The gradual fall in the value of o after breaking off 
we have observed in paraffin has also noted 
of paraffin when the beam was quickly ss puniainaitiiien: ler [11 
turned on (the arrow indicates the instant 
at which the electron beam was turned on); 


a 


S 


Current through specimen 
(in relative units) 


It would seem that our experiments in which the conductivity 
a) decrease at 113°K; b) at 213°K, c) at and the EPR spectra characterizing the free radical content of the 
300°K. specimen were simultaneously recorded would be vital to an un- 
derstanding of the flare-up effect in the conductivity. 
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The results show the temperature-time region (the tempeature and the time alter simultaneously) associated 
with the conductivity flare up to be exactly that in which there is a diminution in the intensity of the EPR spectra, 
An arbitrarily selected EPR spectrum from these experiments is shown in Fig ,2. The line intensities in this spec- 


H Hi 
trum correspond to an alkyl radical of the type a 


Fig.2. EPR spectrum 


for irradiated paraffin, 


recorded at 180° K. 
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Fig. 3, The alteration in the radical 
concentration and conductivity of ir- 
radiated paraffin during heating, Heat- 
ing rate; 22°/min, a) Radical concen- 
tration, in arbitrary units; b) relative 
alteration of the current through the 
specimen with a potential of 1000 volts 
on the electrodes, The broken curve 
shows the alteration of the dark con- 


ductivity of the specimen. 


The curves of Fig.3 show the temperature variation of the con- 
ductivity and free radical content of the irradiated specimen, There 
is a large error in the value of the temperature, but this is due to the 
temperature gradients which arise invariably when a specimen is rapid- 
ly heated»and is not the result of inaccuracies in the measurements, 
The authors advance the following explanations for the effect in ques- 
tion; 1, The flare-up in the conductivity arises from thermal ioniza- 
tion of radicals while the decrease in the conductivity is due to loss of 
these ions, 2. The flare-up in the conductivity is due to local evolu- 
tion energy curing recombination of radicals. This energy (~ 3 -4 ev) 
is more than adequate for formation of ions if the ionization energy is 
actually as low as the data on the thermoelectrical conductivity of the 
paraffin (1.1-1.5 ev) wouldindicate. Both the flare-up in the con- 
ductivity and the loss of radicals are due to the acceleration of the 
diffusional movement of each type of particle in the lattice as the 
temperature rises, 


The experiments which have been carried out clearly do not 
justify a choice between these mechanisms. It is obvious, however, 
that an attempted solution of this problem must take account of ex- 
periments on the diminution of conductivity after cutting off the ra- 
diation, Thus Curve c of Figure 1 has been obtained at 300° K where 
the life of the radicals in the paraffin is measured in seconds, or frac- 
tions of a second, There are practically no radicals present during the 
many seconds which are covered by the portion of the curve on which 
the conductivity is falling, and here it is a matter of a comparatively 
slow recombination of the ions, 


It is interesting to note that there is approximately the same 
rate of diminution in the conductivity at the same temperature beyond 
the maximum "flare-up" (Fig.3). Is it possible that this is a definite 
indication that charge migration is a slow process in which barriers 
must be surmounted? Such may indeed be the case, though not neces- 
sarily so, since it can be a simple matter of a very low ion concentra- 
tion, Thus the “life-time” of the ions, 1, will be of the order of 
10 sec if recombination is assumed to be a second-order process in 
which the velocity constant, k, is equal to 10° cm*/sec and the fon 
concentration is ~1k/ = 10 ion/cm*, Such a concentration would 
lead to a conductivity of ~ 107% ohm ?-cm tif the charge mobility is 
assumed to be ~ 10° cm?/vy - sec, a reasonable figure if the effec- 
tive transfer mass is that of a hydrated ion or proton, 


Acceptance of either of the first two proposed mechanisms would 
lead to the basic conclusion that the production of free radicals can 
lead to formation of ions in solid or liquid substances which are under- 
going radiolysis, or have undergone radiolysis. The sharp decrease of 
the ionization energy in a condensed phase, as compared with the gas- 
eous phase, can thus lead to an interesting "inversion" of the rela~- 
tion between formation of ions and radicals; a) free radicals are 
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produced in large measure by ion reactions when radiolysis takes place in the gaseous phase; b) fons are products 
of free radical reactions when radiolysis occurs in a condensed phase, 


It would seem that these conclusions might be of significance, not only for radiation chemistry, but possibly 
for the general chemistry of numerous reactions which proceed through radicals and ions. 


We wish to express our indebtedness to Academician V. N. Kondrat'ev for valuable discussions, to G. I. 
Krivonosov and V. N. Shamshey for their aid in obtaining the EPR spectra, and to the members of the High-Voltage 
Group for carrying out the irradiations, 
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THE ISOTHERM FOR THE ADSORPTION OF THE TETRABUTYL- 
AMMONIA CATION ON MERCURY 


Academician A. N. Frumkin and B. B. Damaskin 


Measurement of the differential capacity is one of the principal methods of studying the adsorption of a 
surface active organic substance at an electrode/solution interface [1-4]. The extent of coverage of a surface 
by an adsorbed material, @, has been evaluated in a number of papers [5-7] through the equation 


+4, (1) 


in which Cy and C‘ designate, respectively, the differentia! capacity at 9 = 0, and at@ =1, Parsons [8] has 
expressed doubt as to the applicability of Equation (1) for determining ©, since the capacity C is not, in general, 


a linear function of 9, | Frumkin has claimed [9] that the adsorption is linearly related to the surface charge 
through 


= & (1 — 6) + (2) 
where €, and €* designate, respectively, the surface charge at @9=0,andat O@=1. Equation (3.7) of [8] 


shows that the assumption of constancy of €) and €" is not strictly valid, though the errors resulting from it are 
not large, Equation (2) leads to 


in which ¢ is the electrode potential. The last member of this equation is the pseudocapacity, a quantity which 
is related to the adsorption - desorption process, Neglect of this member is the principal cause of the breakdown 
of Equation (1), This equation should be approximately valid in the region of maximum adsorption where 

d@ /d y ¥0, It can be applied at potentials under which an organic material is desorbed from the electrode 
surface if use is made of the capacity values which have been determined at infinitely high current frequency [2], 
where the member containing d@/dgy reduces to zero, 


Data on the differential capacity have been used in the present work to study the relation between the 
concentration, c, and the degree of surface coverage by tetrabutylammonia (TBA) cations through Equation (1). 
The pseudocapacity proves to be insignificant at the low [(C4Hg)4 N] I concentrations and relatively high current 
frequencies ” = 10 000 kc) which were employed here [2] so that this factor introduced only slight distortion 


into® vsc curveswhen extrapolating the capacity to 1/ yv- -> 0 and it cannot therefore have affected the 
conclusions, 


Frumkin has indicated [9] that S-shaped © vsc_ curves are to be expected in the adsorption of organic 
materials of sufficiently high molecular weight, these curves being represented by the equation 


Be = e200, (4) 


in which B and a are constant when ¢ = constant, The value of a is fixed by the van der Waals" attraction 
between the adsorbed particles. We have shown earlier [10] that supporting anions are dragged into the electrical 
double layer during adsorption of TBA cations from 1 N solutions of KCl, KBr, and KI, thus increasing the attrac- 
tion between the adsorbed organic cations and diminishing the repulsion between the free cation charges, 
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Fig. 1. Isotherms for adsorption of TBA cations out 
of a1N KI solution: 1) g =-l.lv; 2)¢=—1.2v 
(SCE); t = 2.5 min; 25°, 
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Fig. 2. Curves showing the differential 
capacity in a 1 N KI + 107 N ((C,H)),NII 
solution: 1) t =4 sec; 2) t =2.5 min; the 
dashed curve is for 1 N KI, 10 000 ke; 25°. 


Figure 1 shows isotherms for the adsorption of 
TBA cations out of a 1 N KI solution which were ob- 
tained from the capacity of a hanging mercury drop- 
let electrode, These capacitances were measured 2,5 
minutes after forming a clean mercury surface, using 
the impedance bridge circuit which has been described 
earlier in[11]. It is to be noted that this time is in- 
adequate for establishing full adsorptional equilibrium 
at these low [(C4Hy), NJI concentrations and these 
isotherms are, therefore, not entirely reversible, * 
Figure 1 shows the adsorption isotherms to have the 
S~-form even in the region of maximum adsorption 
(¢ =-1.1; -1.2v against SCE), this characteristic be- 
coming still more pronounced as the potential is in- 
creased in the negative direction, These observations 
are in accord with theory [9], for the latter indicates 
that the variation of the surface area per adsorbed 
molecule with potential is such that the attractive 
constant a of Equation (4) must be increased, and the 
S~-form of the isotherm become more pronounced, as 
the surface potential is made more negative, 


Figure 2 gives capacity curves which have been 
developed for a hanging droplet electrode (t = 2.5 min), 
and a dropping electrode (t = 4 sec)**, ina 1N KI + 
+ N] I solution, These curves indicate 
that the number of TBA ions adsorbed here depends 
markedly on the time, t, which elapses after forming 
the clean mercury surface, It is for this reason that 
the 6 vs c_ curves obtained from the data on the 
capacity of the dropping electrode in the potential 
region of maximum adsorption differ from similar 
curves obtained for the hanging mercury drop, Thus 
the 8, c relation for the dropping electrode at ¢ = 
=-1.0; -1.3 v (SCE) can be represented in a first ap- 
proximation by two straight lines, one issuing at an 
angle from the origin of coordinates and the other 
corresponding = 1(Fig.3), The@, c relation 
which we have developed from the Ilkovic Equation *** 


17/0 
—0,6277 = 1545-108, (5) 


m m 


* Longer time intervals were not employed because 
they led to an obscure capacity-time relation, the 
capacity passing through a minimum without reaching 
a limiting value even after agitation for an hour, 
This effect is possibly due to some sort of gradual 
change in the TBA, and calls for further study, 


** The capacity of the dropping electrode was measured by a procedure which was only slightly different from 


that described by Grahame [12]. 


e°*m = 1.68 mg/ sec, S = 0,03 cm’, and t = 4 sec, under the experimental conditions. The diffusion coefficient, 
D, was obtained from the Nernst Equation and the mobility of the TBA cation, while the maximum adsorption, 
[ins Was evaluated from the cation dimensions, This led to D = 5.18 cm* /sec and Pm = 217° 


moles/ cm?, 
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gave a good representation of the curve obtained experimentally at ¢y = -1.0 v (Fig. 3). This result. indicates 
that the adsorption of TBA cations on the dropping electrode is almost completely determined at these potentials 
by the number of ions which are able to diffuse to the mercury surface, Our data are in agreement with the con- 
clusions of Delahay and Trachtenberg [5], but stand in contradictionto the results of Laitinen and Mosier [7]. 
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C194 
Fig. 3. Isotherms for the adsorption of TBA cations from 1 N KL 
2)¢9=-1.0v; 3) =-1.3 Vv; 4) =-1.4 Vv; 5) g=-1.47 v; 6) g= 
=~1.50 v;_ 7) g=-1.53 v (SCE). t =4 sec; 25°, Line 1 was developed 
from the [lkovic Equation, 


The adsorption of large organic cations on a mercury surface diminishes at more negative potentials, just - 
as does the adsorption of neutral molecules, despite the electrostatic attraction [13]. It is then necessary to in- 
crease the [(CgHg),N] I concentration in order to obtain a given degree of coverage, The diffusional current 
of TBA cations to the mercury surface is increased thereby and the adsorption isotherm becomes more nearly re~ 
versible, Atc = 4+ 10~N, the number of TBA ions which are transported to the surface of the mercury drop by 
a 4 second diffusional current is sufficient for the formation of approximately six monolayers, Figure 3 shows 
that the @,c curve takes on the characteristic S-form under these conditions, The interaction between the ad- 
sorbed ions finally becomes so large at still more negative potentials that the value of @ alters abruptly with in- 
crease inc, This confirms the hypothesis which was advanced earlier to the effect that there is a definite po- 
tential at which abrupt breakdown occurs in the adsorption layer formed by the interaction of TBA cations which 
experience an additional bonding through iodide ions [10], 


The applicability of the Frumkin Theory [9] to the adsorption of surface active cations was checked by 
establishing the relation between the electrode potential and the TBA adsorption, The addition of small amounts 
of [(C4Hg)4N] I to 1 N KI leads to only a minute displacement in the null-charge potential (NCP) so that the 
theory of [9] with ® = 0,5 gives 


c 1 Co— C’ 9 
6 
Cy RTT, 2 a? (6) 


In 


Ya being the electrode potential measured with respect to the NCP, and cy, the TBA concentration corresponding 
to = 0,5 at the NCP (g=~-0.83 v against SCE), We can set Cy-C’ = 14 and 2.17 107° moles/ 
/cm? to obtain 


c 
Ig = 5,67¢2 = 5,67 + 0,83)?. (6a) 
Data which had been obtained at ¢ = -1,53 v was set into Equation (6a) to give c, = 1,195 * 10*N. We 


present below experimentally observed values of c » 10% at @= 0,5 and values which have been calculated 
through Equation (6a), 


v (SCE) —1,53 —1,50 —1,47 —1,40 —41,30 


Calculated (7,20) 4,15 2,50 0,835 0,214 


Experimental 7,2 4,3 2,5 4,20 0,58 
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It is clear that there is good agreement between theory and experiment at - 1.50 and - 1,47 v, a fact in- 
dicating that the theory of [9] is applicable to surface~active TBA cations as well as to neutral organic molecules, 
The calculated values of c are markedly lower than the experimental at less-negative potentials since the ad- 


sorption of the TBA cations is then determined partially by diffusion and the 6, c relation does not correspond 
to a reversible isotherm, 
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THE 11/2 RULES FOR THE ACTION OF RADIATION ON SOLUTIONS 


Ershler 


(Presented by Academician A. N, Frumkin August 14, 1959) 


The representation of an irradiated solution as a uniform volume distribution of radicals and molecular 
products is one which has been generally accepted in the radiation chemistry of dilute solutions, We will con- 
sider the special] rules which must pertain to cases in which this representation is applicable. 


Let the irradiated solution contain various types of particles, my, Mp,..., M,, some of these particles 


being radicals and some, molecular products. We will suppose that the reactions involving these particles are 
bimolecular, The following equation can then be set up for the particles m; 


a (Cn,) (Cn,) + an (cz,) (C1,) +1 =1Gm,. (1) 


Gin being the “initial® yield of m4, i.e., the number of these particles obtained directly from the water by 
absorption of 100 ev of radiant energy, and Gy)» the total yield of the m;, i.e., the number of these particles 
obtained from the direct action of the radiation on the water,and from secondary bimolecular reactions during 


the time required for absorption of 100 ev of radiant energy. The sign pi designates the sum of the rates of those 
é 

bimolecular reactions 1, 2, 3,.... which produce the particles mj, k, being the rate constant for the n-th such 

reaction and cn, and Cn? the concentrations of the particles participating in it, The sign b> designates a 


i 
similar sum for the 2 reactions in which particles m; are consumed, the index ] giving the number of such a 
process, I represents the radiant energy absorbed by the solution in one second, The quantity 1 is expressed in 


the absorption units 100 N ev/liter + sec, N being Avogadro's Number, and concentrations are expressed in moles 
per liter, 


The radical concentrations are low and one should therefore set Gm; = 0 in each of those equations of (1) 


which refers to a radical, In addition, one should set Gi =0 in each of these equations which applies to a radical 
that does not come from the water directly, e.g., HO. It is clearly necessary to also set Gm, = 0 in the equa- 


tions for those molecular products which do not come from the water directly. The result is a system of k equa- 
tions which fully characterize the behavior of the irradiated solution, It is difficult to find a solution for a system 
of this type in which there are many variables of powers higher than the first, but it will be shown below that it 
is possible to adduce certain important properties of such system without the necessity of solving it. 


1, Stationary State, Here each of the k_ types of particles must satisfy a condition of the form 

The equations of(2)can be introduced into(1)to obtain a system ofk equations in the k unknown concentra - 
tions.A study of this system will show that the stationary concentration of each type of particle must be directly propor- 
tional” to 14, 
“The unknown particle concentrations actually enter this system in the form of products of two variables and all 


of the free members contain a multiple of I to the first power. 
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a straight line under stationary conditions, 


Fig. 1. The Arule for station- 
ary conditions, 


process, 


icles, 3, 4,...,K, satisfy the conditions of (2). 


The particles of type m, will be supposed to 


related linearly toG,, . 
2 


Substitution of the linear expression for G,, 
1 


the decomposition of hydrogen peroxide [1]. 


between the particle yields. 


Thus the k equations of (1) assure that the Gry a4 ] curve for each of the k_ types of particles will be 


It may be that one of these k equations can be ob- 
tained from the others (a decision on this point can be reached 
without the necessity of solving the system), in which case the 
system will have one degree of freedom and the concentration 
of one type of particle, m,,for example can be arbitrarily al- 
tered under stationary conditions, In this case we construct 
curves showing the log Cm, VS log c,,, relations for the re- 
maining k-1 particles at a certain value of the radiation in- 
tensity I,. The equations of (1) show that passage to a new in- 
tensity I, will displace each of these curves parallel to itself 
along both the log cm, and the log cm, axes by a distance 
equal to the increase in the quantity log 14, the curve form 
remaining unaltered, Figure 1 shows the displacement in an 
arbitrary log Cm, Curve resulting from alteration in the intens- 


ity I. 


It may be that p of these equations can be obtained 
from the remaining ones, in which case it will be possible to 
alter arbitrarily the concentrations of p-type particles, m4, 
Moy.ee.M_ , Say. We construct curves showing the relation 
between log c,,, and log c and log Cry for given intens- 
ity I, and arbitrarily selected values of the concentration of 
the p - 1 "free" particles, (Cm,),» say. 


The k-p equations now characterizing the system show that 
passage to intensity I, will displace all of these curves in the 
same manner as the curve of Figure 1 was displaced, if the 
concentrations of the p-1 types of “free” particles are altered 
to new values, (Cm;),° which satisfy the relations 


(Cady (€mp)1 (3) 


2, Reaction. We will consider a case in which Gm, # 0 and Gm, # 0, while the remaining types of part- 


arise from particles of type my, and G will therefore be 


in terms of Sm, in the k equations of (1) will lead to k 


equations in k + 1 unknowns, namely, the k concentrations and Gm, - A curve showing the relation between 
Gm, and log cm, at the intensity I, is constructed by arbitrarily altering the concentration of my. Our system 
of equations shows that passage to intensity I, will displace this curve parallel to itself along the log om, axis 


by an amount equal to the increase in log 114 »without altering its form, Figure 2 represents this type of displace- 
ment in an arbitrary Gm, curve, Such a rule as is illustrated by Figure 2 has recently been shown to apply to 


This analysis remains valid for a system with any number of degrees of freedom and with any relationship 


! 

2 
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—s Fig. 2. The rule for a radiational 

ae 
1074 


The two general laws of radiolysis which have been deduced for 1) stationary conditions, and 2) radiational 
processes will apply to all types of irradiation, if this model of the irradiated solution is correct. This conclusion 
is independent of the reaction mechanism and the exact nature of the reactions which are included in the equations - 
of (1). Thus, it is possible to draw the following conclusions, 


1. The degree of conformation to the !4-rules can serve as a criterion for judging the applicability of this “ 
model to various types of irradiation and to various systems, The greater the proportion of the radicals which . 
react in the track zone without entering the bulk of the solution, the less will the yield and stationary concentra- 
tign of the molecular products depend on the intensity of irradiation,and the poorer the conformation to the two 
rT’ -rules, The limiting case is that in which the stationary concentrations and yields are completely independent 
of the magnitude of I, 


2. The proportion of the radicals which are not able to pass out of the track zone can obviously be evaluated 
from the extent of departure from the VA rules. 


3. Departures from the 1/ rules can alsooccur because of direct action of the radiation on the dissolved 
substances or because of solution reactions which are not bimolecular, Such departures can be used for disclos- 
ing effects of this type in cases in which the model is clearly applicable. 
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A MASS-SPECTROMETRIC DETERMINATION OF THE HEAT 
OF SUBLIMATION OF BORON 


P. A. AKishin, Ts. Nikitin, and Gorokhov 


The M. V. Lomonosoy State University, Moscow 


(Presented by Academician V. N. Kondrat'ev July 16, 1959) 


A knowledge of the heat of sublimation (AH}) of elementary boron is indispensable to many of the im- 
portant calculations of thermodynamics and thermochemistry. Nevertheless, there has been a considerable 
spread in the values of the heat of sublimation of boron which have appeared up until very recently in the hand- 
books [1-3]; these have been based on provisional data and have ranged from 75 to 115 keal/g.at. 


A value of 140.9 + 2 kcal/g at. for the heat of sublimation of boron was reported in 1955 by Skinner and 
Smith [4] in a paper citing unpublished data of Searsy and Mayers, In 1957, the latter authors published [5] the 
results of a study involving the vaporization of crystalline boron from graphite, tantalum, and zirconium diboride 
effusion chambers, It was considered [5] that the most trustworthy results were those obtained in vaporizing the 
boron from the zirconium diboride chamber since this material neither interacts with boron nor forms solid solu- 
tions with it; these data led to the value Hyg, = 139 + 4 kcal/g. at.* The work of [5] is not free of defects. 
Thus, the tantalum diaphragm of the zirconium diboride effusion chamber may have acted as a "trap" for boron 
atoms, Equilibrium will be established between the solid and vapor phases in an effusion chamber if the vapor 
molecules, or atoms, undergo multiple reflection on the chamber walls. The Knudsen Effusion Method is 
equivalent to the Langmuir Method of open surface vaporization when each such collision involves absorption 
of the vapor molecules, or atoms, through chemical reaction, solid solution formation, etc. with the walls of 
the chamber; the vapor pressure of the boron will then be considerably reduced if its coefficient of vaporization 
a, is less than 1. 


The coefficient of vaporization of boron was not determined by the authors of [5]. The data of [5] on the 
heat of sublimation of boron are the most trustworthy that are to be found in the literature, but they stand in need 
of confirmation, and possibly refinement, through repetition of the measurements, The present study has involved 
a determination of the heat of sublimation of boron by combining effusion-chamber vaporization with a mass- 
spectrometric measurement of the composition and absolute pressure of the vapor, 


The working specimen of boron was 99.1% pure** and was shown by x-ray analysis to be an amorphous 
phase with crystalline traces; it was carried almost completely into the crystalline state by heating in vacuum at 
2000-2100°K for hour (similar data are to be found in [6]). The molybdenum and tantalum effusion chambers 
which were constructed for the vaporization of the boron had their inner surfaces completely covered ("lined") 


with well-pressed crystalline boron to give a “boron” chamber 2 mm in diameter, 5 mm in height, with 0.5 mm 
walls, 


The effusion chamber was inserted into the vaporization block (Fig.1) of the ion source of a MS~-3 mass- 
spectrometer, The chamber was heated by electron bombardment and its temperature measured pyrometrically 

by observing through a specia! window the luminosity of a blind canal, 0.3 mm in diameter and 2 mm in Jength, 
which had been drilled into the under side of the chamber to give a good reproduction of black-body radiation [7]. 


* Recalculation to 0°K gives AH? = 137.8 kcal/g, at. 
** We would like to express our indebtedness to A. F. Zhigach for furnishing this material, 
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The OPPIR-09 pyrometer was equipped with an objective for the pyrometry of small specimens and was calibrated 
against a standard OP-48 pyrometer over the 1400-2000°K temperature interval; the maximum error in the de- 
termination of the temperature was + 10°, Ion currents to 1077 ampere were measured on the ion-electron trans- 
ducer described in [8,9]. A special screen was used to prevent access of vapors to the ionization region during 
measurement of the background intensity in the apparatus, A more detailed description of this apparatus for de- 
termining the vapor composition and heat of sublimation of difficulty volatile substances will be given in an 
article which is to appear in "Apparatus and Experimental Techniques”, 


The mass-spectrum of the vaporous boron showed only the 
(B°)* and (B1*)* ions; By ions could not be detected and the content 
/ of these ions at 2100°K was less than 1%. 


The method proposed by Inghram and his co-workers [10,11]was 
used in determining the absolute pressure of the vapors. 


A preliminary vaporization of silver was carried out with the 
chamber intended for use with boron, The equilibrium vapor pres- 
sure of silver was calculated from the data of [12]. 


The sensitivity of the apparatus with respect to boron, sp, is 
expressed by the equation: 


[g+Tkp YB 


SB = 
Fig. 1. Sketch of vaporization block: ‘ PB 7 Tag Ag’ (1) 
1) cover of vaporization block; 2) leit 
welded tantalum screens; 3) pyrom- in which Sag= —- EE... Ge sensitivity with respect to silver; 
eter openings in the bottoms of the Pre 
screens; 4) effusion chamber; 5) Ip* and Iagt are the intensities of the B+ and Ag* ion currents, 
cathode; 6) "lined® walls of com - respectively; p Ag and pg are the equilibrium vapor pressures of silver 
pressed boron, and boron, respectively; k A is a correction for the isotopic compo- 


sition of the silver; op/o Ag i8 the ratio of the effective ionization 
cross-sections of boron and silver (a quantity which is equal to 0,14, according to [13]); yp/y Ag is a coef- 
ficient allowing for the relative effectiveness of boron and silver ions in dislodging electrons from a target (a 
quantity which was set equal to 2 on the basis of the data of [9]); and kp is a correction for the isotopic compo- 
sition of the boron, The absolute value of the pressure of saturated vapors of boron could be readily determined 
from Equation (1), once Sp and Ip+ were known, 


The heat of sublimation, AH), of the boron was calculated from the equation: 


AH? = (A®*— RInps)T, (2) 


in which A@* = 6 —* is the change in the reduced thermodynamic potential; R is the molar gas constant; 
Pp is the pressure of boron vapors; and T is the absolute temperature, 


Results from one experiment on the measurement of the heat of sublimation of boron are presented in extended 
form in Table 1, and the results from 7 experiments are given in Table 2, together with the mean deviation from 
the arithmetic mean of AHy. The mean of 24 measurements on the free vaporization of boron at various temperatures 
gave the result AH} = 137.9 + 0.8 kcal/g. at. 


Study was made of the relation between the value of AH} and the chamber parameter s/aK, and the coef- 
ficient of vaporization, a , was calculated from the equation 
S — p,aK 


— (3) 


K 


taken from [14]; here p, is the vapor pressure measured by the Langmuir Method of free evaporation; py, is the 
vapor pressure measured by the Knudsen Method; § is the area of the vaporization surface; a is the area of the 
effusional orifice and K is the Clausing coefficient, Equation (3) shows the vaporization coefficient, a, of boron 
to be equal to 0,2-0.3 over the 1600-2000°K interval. 


1078 


TABLE 1 


The Vaporization of Boron from a Boron-Lined Molybdenum Effusion Chamber 


2096 
2117 
2024 
2127 
2158 
2196 
2106 
2090 
2137 
2190 
2234 
2190 
2148 


41,3550 
41,4041 
41,1800 
41,4273 
41,4992 
41,5873 
41,3687 
41,3404 
41,4505 
41,5734 
41,6652 
,5734 
44,4760 


keal/g-at. 


130,7 
131.3 
427,7 
432,5 
130,4 
129,9 
128,9 
132.5 
133.1 
134,6 
1328 
134,0 
129,0 


 434,34-4,7 


*The authors wish to express their thanks to L. V. Gurvich who was kind enough 


to furnish the values of he 


TABLE 2 


Combined Table of AH} Values for Boron 


and 


.| Nurmber 
Experh of 
ment | measure- 
ments 


Chamber 
param- 
eter, 

S/ ak 


Mean value 


107 
10? 


Number 
ot 

measure~ 

ments 


hamber 
aram- 
eter, 
is ak 


Mean value 
of AH} 
keal/g = at 


134,044 
434,3-F4,7 
131,6-40,6 


134,6-+-0,9 


The 7 experiments of Table 2 give a mean ‘AH) value of 131.6 5 kcal/g. at. being estimated on the 
basis of; a maximum absolute error of AT = 10° in the temperature measurement; a maximum relative error 


As/s = 0.1 in the sensitivity; a maximum relative error of Ag/o = 0.3 in the ionization cross-section; and 
a maximum relative error of Ay/ y = 0.5 in the coefficient of ionic-electronic emission, 


AM, 


130 
0 


/ 

Lg 
Fig.2. The relation between 
AH} and the chamber par- 
ameter S/Ka. 


Thus this work has given a value of 131.6 4 5 kcal/g, at. for the 


heat of sublimation, AH}, of boron, a result which is somewhat lower than 
that of [5]. 


This difference in the values of the heats of sublimation can be account- 


ed for by supposing that Searsy and Mayers did not succeed in establishing 
the equilibrium pressure of boron vapor in [5] and were thereby led to a re- 


sult which was too high, 
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18,56 3,07-10-6 6,277 
34,80 5,86-10-6 6,366 
12,80 2,07 -10-6 6,155 
4,32 6,92-10-7 6,117 
7,44 1,22-10-6 6,228 
10,96 1 ,84-10-6 6,352 
22,80 4,92-10-8 6,445 
12,64 2,12-10-6 6,352 
22,40 3,69-10-8 6,253 
— 7 
lof | eri- 
7 134,044 5 it | 73402 
2 10 7 130,1-£0,6 || 6 13 | 3-108 
3 8 7 131,2--0,5 |} 7 12 | 7-102 =a 
to | 7 132,0-£0,5 | 
\ 
1079 


[2] L. Brewer, L. A. Bromley, et al,, The Chemistry and Metallurgy of Miscellaneous Materials, Thermo- 
dynamics (N.Y.-Toronto — London, 1950), 


(3] F.D. Rossini , D., D. Wagman et al,, Selected Values of Chemical Thermodynamic Properties, USNBS 
Circ.500 (Washington, 1952), 


[4] V. A. Skinner and W. B. Smith, Trans, Farad, Soc., 51, 19 (1955), 

[5] A. W. Searsy and C, E. Mayers, J. Phys. Chem., 61, 954 (1957), 

[6] H.L. Johnston, H. N. Hersh and E. C. Kerr, J. Am, Chem. Soc., 73, 1112 (1951), 
(7] I. C. De Vos, Physica, 20, 669 (1954), 

(8] W. Schutze and F, Bernhard, Zs, Phys., 145, 44 (1956). 


[9] K. M. Kuznetsov, Proc, Scientific-Research Institute of the Ministry of the Radio-Technical Industry 
of the USSR, vol.2, (38) (1957). 


[10] W. A. Chupka and M, G. Inghram, J, Phys. Chem., 59, 100 (1955), 

[11] R. F. Porter, W. A. Chupka, and M. G. Inghram, J. Chem, Phys., 23, 216 (1955). 
[12] M. C. Low and C. E, Birchenall, J. of Metals, 3, 707 (1953). 

[13] J. M. Otvos and D, P, Stevenson, J. Am. Chem. Soc., 78, 546 (1956), 


(14] A. N. Nesmeyanov and N. f. Khandamirova, Prog, Chem., 28, 117 (1959), 


Received July 15, 1959, 


LIMITING CASES OF COMBUSTION IN MIXED SYSTEMS 


N. N. Bakhman 


The Institute of Chemical Physics of the Academy of Sciences of the USSR 


(Presented by Academician V. N. Kondrat'ev July 9, 1959) 


The rate of combustion of a mechanical mixture of a combustible solid and an oxidizing agent is known 
to depend on the dimensions of the reacting particles, It is of interest to determine the limiting forms assumed 
by this relation for cases in which the particle dimensions are either very large or very small, 


The limiting case of a system of extremely large particles is clearly that in which a semispace filled with 
the combustible solid is bounded by a second semispace filled with the oxidizing agent. Experiments were car- 
ried out on solid inorganic oxidizing agents which had been compressed into bars or sheets in cylindrical or plane- 
parallel plexiglass forms, The thickness of the plexiglass was greater than the depth of the layer which would 
undergo combustion in the course of the experiment. The charge was ignited by a nichrome spiral at the upper 
edge of the plexiglass-oxidant interface. A fairly constant flame velocity was usually established after a brief 
period of initial acceleration, A conical recess was formed in the combustion and advanced with the flame. 
Photography was used in measuring the rate of flame propagation, v, along the reagent interface as a function of 
the pressure, p. of theinert gas (nitrogen), the characteristic dimension, d, of the oxidant layer, and the 
relative density, 5, of the oxidant, 


The flame velocity tended to a definite limit as the value of d_ was increased (Fig. 1). Experiments 
were also carried out in a steel cell in which only the forward wall was made of plexiglass, Such a cell could 
serve as a model of a system of infinitely large particles when the oxidant layer was not too thin, The value ot 
v_ increased at first as the layer of oxidant in the steel cell was made deeper (this was due to diminished heat 
loss in the steel) and then began to alter slowly, tending to that value vj;,, #0 which is associated with d+ o, 
The fact that v_ was independent of d_ when the value of the latter was sufficiently large indicated that the rate 
was determined essentially by conditions prevailing near the apex of the combustion recess, 


The rate of flame propagation along the plexiglass-oxidant interface was dependent on the chemical 
nature of the oxidant, This appeared, first of all, in the fact that not all of those oxidants which were thermo- 
dynamically capable of supporting combustion would actually support combustion in this system, The v, p 
relations for the test oxidants (Fig.2) were also quite different, For KC1O4, v depended linearly on p [v(mm/ 
sec) = 0.8 + 0,1 p (atmos)]; the dependence was somewhat stronger than linear for KC1O, , it was practically in- 
dependent of p in KMnO, over the interval from 5 to 100 atmos, with v very low in absolute value and it 
finally showed a maximum with BaOg, a substance which did not support combustion at all when the value of p 
was sufficiently high, This behavior of BaO, was in all probability related to the reversibility of the reaction 
BaO, ~BaO + 0.5 O,, which results in retarded consumption of the BaO compound at elevated pressure, 


The value of v also depended on the relative density of the oxidant, It is true that v_ was independent of 
5 at low pressure in the case of KC10, over the interval from 5 = 0,5 to 6 = 0.9, But the value of v for 


KCl0, at high p (that is to say, at sufficiently high v ) increased rapidly as 6 diminished, the product v6 = 
= f(6) passing through a maximum, 


This difference was explained by the fact that the combustion products penetrated into the depth of the 
oxidant and began to play an important role in the convectional heat transfer at the high burning rates. A 


2 
= 
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diminution in 6 favored this penetration but made the heat losses at the walls more significant, 


Only those systems in which the interface between the reagents was continuous showed a characteristic 
limiting velocity, v);_, # 0, On the other hand, combustion was extinguished in ordinary systems with haphaz- 
ardly distributed particles and discontinuous reagent interfaces when the particle dimensions exceeded a cer- 
tain critical value and the connecting links between particles of a given type become too large, 


The combustion rate increased as the particle dimensions were diminished, but the effect was not pronounced. 
when both of the reagents were volatile. Curve V of Fig.2 shows the variation of the normal rate of combus- 
tion, u,, of a stoichiometric mixture of KC1O, and plexiglass in which most of the particles were less than 10u 
in dimensions, The value of u, increased with p, but more weakly than v , [u, (mm/sec) =1.4 pee 09] and 


was only several fold greate’ than the value of vy on Curve I (~3.3-fold at p = 10 atmos and ~2,7-fold at p = 100 
atmos) which had been constructed for d = 6 mm with Vv quite close to Yuime 


Fig.1. The relation between the flame 
velocity and the characteristic dimen- 

sion of the oxidant layer (KC1Og PN, = 

= 10 atmos}: a) plane-parallel cell; b) 
cylindrical form; c) steel cell, 


a5 50 15 100 fag atmos 
Pp 
wr Fig.2, The relation between the flame velocity 


and the pressure (cylindrical form, d = 6 mm} I) 
KClOg II) II) BaOg IV) KMnOg V) 
stoichiometric mixture of KC1O, and plexiglass. 


The rate of combustion should increase with di- 
minishing particle dimensions only as long as the depth 


Vim of fhe mixing zone of the reatent vapors, ~ Uvap" 
i -d'/DyafDya, is the diffusion coefficient) exceeds the 
@min depth of the heating zone of the homogeneous vapor mix- 
~ ~ / n = 
Fig. 3. Asymptotic form of the relation ture, Inear /cpu Increasing p should re 
between the flame velocity and the part- duce the minimum particle dimension below which the 
combustion rate is independent of d , since ~1/ p", 
icle dimensions, - eat 


while l,,4x is independent of p in a first approximation, 


Thus the curve showing the relation between the rate of combustion and the particle dimensions in-a sys- 
tem having a continuous interface between the combustible solid and the oxidant must be S-shaped, whereas the 


curve for the usual disordered mixture should show a plateau at low particle dimensions and break at higher 
dimensions, 


Received June 27, 1959. 
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A STUDY OF THE ELECTRON PARAMAGNETIC RESONANCE 7 
SPECTRA OF THE NEGATIVE IONS OF CERTAIN AROMATIC * 


AND HETEROCYCLIC COMPOUNDS 


V.V. Voevodskii, Corresponding Member, Acad, Sci. USSR, 
S. P. Solodovnikov, and V. M. Chibrikin 


The Institute of Chemical Physics of the Academy of Sciences of the USSR 


The e.p.r. spectra of the anions of a number of aromatic polycyclic compounds have been studied in [1-3], 
Observations on the e.p.r. spectra of the anions of benzene, toluene, and the xylols have been reported in [4]. 


We have studied the e.p.r. spectra of certain substituted benzene anions,and the problems involved in 
possible electron transfer over systems of conjugated and saturated bonds. Such data could be of interest to a 
study of the chemical properties of this type of ion-radical. The ion-radicals were prepared by interacting the 
corresponding aromatic compounds with metallic potassium in 1, 2-dimethoxyethane solution, Certain of the 
less-stable ions were prepared at reduced temperatures ranging down to ~70°, 


The spectra of the anions of the monoalkyl-substituted benzenes, 
cumene, cyclohexylbenzene, tertiary isobutylbenzene, toluene, and ethyl- 
benzene each show a hyperfine structure containing 5 principal components 
with a binomial distribution of energy. These 5 lines could arise from in- 
teraction of the unpaired electron with 4 equivalent hydrogen atoms. These 
\ equivalent hydrogen atoms would occupy the ortho and meta positions in 
the investigated compounds, Each component of the quintuplet in the spectra 
of the anions of cumol (see Fig. 1) and cyclohexylbenzene is double, 

Such additional splitting is not observed in the spectrum of the tertiary iso- 
butylbenzene anion, so that the additional doublet splitting in the spectra 
of the anions of cumol and cyclohexylbenzene could be presumed to arise 
through the a-protons of the substituent, with a considerably lower spin 
density in the para position, 


The spectra of toluene and ethylbenzene both show additional split- 
ting from the a-protons of the substituent and from the hydrogen in the 
para position, Figure 2 represents the spectrum of the toluene anion; this 

5 oersteds consists of 5 principal lines, each of which, as analysis proves, is further 
—— split into 8 components as the result of interaction between the unpaired 
Fig.1, Spectrum of the cumene electron, the 3 a-protons and the proton in the para-position, It is to be 
anion, noted that this additional splitting was not detected in [4]. 


We have also studied thee.p.r. spectra of the anions of the ortho, meta, and para xylols, There are 5- 
components in the spectrum of the n-xylol anion, and 7, in the spectrum of the o-xylol. It would seem that 
the presence of 7 components in the spectrum of the o-xylol anion could be explained by the interaction of 
the unpaired electron with the 6 protons of the two methyl substituents, The higher complexity of the spectrum 
of the m-xylol anion indicates that the splitting involves not only the protons of the methyl substituents, but the 
protons of the ring as well, The authors of [4] could not give a unified treatment of the spectra of these three 


types of xylols since they observed only 5 lines in the spectra of the o-xylol and ascribed these to the hydrogens 
of the ring in analogy with the case of the n-xylol, 
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5 oersteds 


— 


Fig, 2, Spectrum of the Fig. 3. Spectrum of the dibenzyl anion, 
toluene anion, 


TABLE 1 


e.p.r. Spectra of Negative Aromatic Ion-radicals 


ddition- 
al split- 
tl 


Negative ion-radical 


ines 
plitting in 


Number of 


additional 


lines 


~| oersteds 


{C,H,)- 

(C,H,CH —(CH,),)~ 
(C.H,C,H,,) 

(C,H,C (CH,),)— 
(C,H,CH,)- 


(n-C,H,(CH,),)~ 
(0-C,H,(CH,)2)~ 

(C,H, — CH = CH — C,H,)- 
(C,H, — CH, — CH; — C,H,)~ 


00 
Aes 


© 


*In each of the principle components, 
** Splitting from the a-protons of the substituent. 
*** Splitting from the protons in the pare position. 


All the results from the measurements on the line splitting are presented in Table 1, together with the spin 
densities of the unpaired electron calculated from the experimental data. 


The e.p.r. spectra of stilbene, azoxybenzene, and dibenzyl were studied with a view to clearing up the 
possibility of electron transfer along a chain of conjugated and saturated bonds, An analysis of the stilbene spec- 
trum points to the possibility of delocalization of the electron, both on the benzene ring and on the chain of 
conjugated bonds, the spin density being principally localized at the carbon = -j the bridge ws Analysis 


of the spectrum of the azoxybenzene anion indicates that replacement of the -C = C — bridge by ei =N- 


H H 

3 " H 
MH H c—c 
iy 

5 oersteds 
#4 aa ortho| meta | para 
| 
7 

5 0,2 |0,2 |0 0,8 
5 10,2 10,2 | 0 0,8 
5 | 0148 
scouaahl 5 1,5 **, | 0,18 | 0,18 | 0,02 | 0,74 
0,5 
a: a 5 4,3 _ 0,16 | 0,16 | 0,02 | 0,66 
0,5 ke 
0,18 0,72 
3 14 

a 9 6 1 0,44 | 0,44 
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does not impede the delocalization of the electron over the entire molecule, A complete breakdown of the 
conjugation between the rings in the anion of dibenzyl could be anticipated because of saturation in the bond 
between the CH, groups. The spectrum of the negative dibenzyl ion shows 9 principal lines with a splitting of 
2.5 oersteds, as is to be seen from Fig.3; these can best be interpreted by relating them to the 8 ortho and meta 
protons, The spectrum would be similar to that of ethylbenzene if the electron was localized on a single ring. 
The frequency of interchange between the rings can be estimated from the line splitting and proves to be equal 


to 10'-10° sect, The additional splitting indicates that the spin density is different from zero at the bridge 
carbon atoms, 


The spectra of the anions of pyridine and quinoline were studied with a view to clearing up the effect of 
the heteroatoms on the spin-density distribution, Analysis of the spectrum of the pyridine anion shows that the 
spin density is different from zero at the nitrogen atom and at the a, 8 , and y carbon atoms, the number of 
lines being close to the theoretical 54, This last fact indicates that the a,B8, and y protons are not equivalent, 
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AN INFRARED ABSORPTION STUDY OF THE COMPLEXES OF 
OF ACETYLENE AND ITS DERIVATIVES 


E. A. Gastilovich, D. N. Shigorin, E. P. Gracheva 
and M. F. Shostakovskii 


L. Ya. Karpov Physicochemical Institute and N. D. Zelinskii 
Institute of Organic Chemistry, Academy of Sciences, USSR 


(Presented by Academician A, N. Terenin July 6, 1959) 


A study of the infrared absorption spectra of the complex derivatives of acetylene in the region from 
3100 cm™ to 2100 cm~ has been used in [1] to prove the possibility of hydrogen bonding between the = C-H 
group and electronegative atoms (O<,N< ) certain considerations being expressed there relative to the nature 
of the secondary chemical bonds which arise when complexes are formed between molecules of compounds, 


The infrared absorption spectra of H-C =C—H, D-C=CH, CHs—C =CH (I), CzHs—C = CH (II), CyHy — 
~—O-H =C~—C = CH (I), and of solutions of these compounds in carbon tetrachloride, acetone, dioxane, ether, 
| 


Cc 4H 


and pyridine have been studied over the 34000-3000 cm™ interval in the present paper with the aim of further 
elucidating the nature of secondary chemical bonds [2]. 


The compounds CHs-C =CH, C,Hy =CH and C4H,O—CH = CH—-€ =CH were specially synthesized 
by well-known methods; their constants agreed with values found in the literature, The acetylene for this study 
was taken from a tank,and was freed of acetone and moisture before use, 


The study was carried out on a IKS-1 apparatus with a LIF prism. The intensity of the = CH absorption 
band was used in approximating the concentrations of acetylene and methylacetylene in solution. The accuracy 


of the determination of the absorption maxima was estimated to be 5 cm™, The results of the study are shown 
in Table 1, 


An absorption band, Y, with a maximum at 3310-3313 cm was observed in spectra of the test substances, 
CHs -C =C—H, C,Hs =CH and CyHy -O—CH = CH—-C =CH in a neutral solvent, this band was 
ascribed to the = C—H group of each of these molecules, its vibration being unperturbed by the hydrogen bonding. 
Association was observed between the test substance and the molecules of solvents containing the electronegative 
atoms O< ,N <. Thus the spectra of I — III in ether and pyridine solutions showed an absorption band, v’, for 
hydrogen-bonded molecules, in addition to a free molecule band, the indication being that equilibrium was es- 
tablished between the associated and the free molecules in solution, The absorption band maximum for the 
associated molecules was at * = 3263-3270 cm™ in ether and at v* = 3225-3210 cm™ in pyridine, This 
considerable difference in the position of the absorption maxima for the = C—H group of the associating mole- 
cules was consistent with ideas concerning the basicity of the solvent involved in the association [2] and its ef- 
fect on the bond strength, The spectra of the test substances in acetone and dioxane showed a single absorption 
band for the = C—H group of the associating molecules; this was at Vv" = 3260-3270 cm™ and resembled the 


band for absorption in ether. A certain asymmetry here pointed to the presence of an unresolved band (Vv) in 
the absorption of the free molecules (Fig. 1a). 
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TABLE 1 


Cc 
HC=CH CH,C=CH |C,;H,C=CH 


Vapor 3337 3306] $335 } 3390 
Liqnid 8295 3295 

3318 
Solution in CCl, 


Solution in ether 


Solution in acetone 
Solution in dioxane 


Solution in pyridine 


Decreasing the concentration of a test substance in solution (Fig.1b) was observed to displace the equilib- 
rium toward increased association with the solvent, the absorption band v* moving toward long wavelengths and 
increasing in relative intensity, An increase in the solution temperature led to displacement of the equilibrium 
in the opposite direction, the degree of association with the solvent diminishing while the absorptiom band maxima 
for the free and associated molecules moved toward the short wavelengths: v = 3293-+ 3298 cm™, v’ = 
= 3195 > 3205 cm™ (Fig. 2a). 


A comparison of the spectra of the test substances in solutions of equal concentrations showed the absorp- 
tion-band maximum, V*, in dioxane, a nonpolar solvent, to be displaced toward long wavelengths with respect 
to its position in acetone solution, The displacement of the associated molecules toward long wavelengths 
was somewhat greater in the spectra of ether, acetone, dioxane, and pyridine solutions of Cgdy -O-CH-C = CH 
than in the spectra of methylacetylene and ethylacetylene solutions, Further study will be needed for an under- 
standing of this effect, but it can be presumed that the m -electrons of the molecules play a considerable role here 


in strengthening the hydrogen bond; this presumption is consistent with results from certain special studies of this 
problem [3]. 


There was considerable variation in the position of the absorption maximum in the = C—H bond, and very 
little difference in the C—H frequency of the aliphatic group, in the spectra of the liquid and gaseous phases of 
the test substances, just as is the case with the more complex molecules of the acetylene derivatives [1]. Thus 
the displacement of the absorption maximum of the = C—H group in III (gas-liquid) was equal to A v = 40 em 
(Fig. 2b) while the displacement of the C-H group frequency in CgHy was Av = 5 cm™4; it should be noted that the 
=C—H...O\__ type of interaction is here lacking in the liquid phase, This fact is the basis for the postulated 
formation of the 7-complexes according to the reaction 


Conclusions concerning the fact that the band intensity for molecules in m-complexes was greater than 
the intensity for molecules in noninteracting vapor complexes (Fig. 2b) could be drawn from a comparison of 
the liquid and gaseous phase absorption spectra of Cg) -O — CH = CH—C=CH . The same conclusions con- 
cerning the relatively higher band intensity for molecules involving participation of the = C—H group in the 


H,-0— 
State H-HC— 
—C=CH 
3290 
3305 1:4 
3310 1:40 
3310 4:400 
3310 1:1000 
3290 1:4 
3315 3313 
ae 3270 3265 1:40: 
3268 1:4 
3218 
a 3273 3270 3263 1:40 
3263 1:4 
3210 
3267 3265 8245 1:40 
3295 
3205 1:4 
3300 3298 3300 41:40 
3228 3225 3195 “A 
H—C=C—R 
H i 
H H 
; R—C==C—Il 
1088 


formation of the hydrogen bond could be drawn from a comparison of absorption spectra at different temperatures; 
there was a marked alteration in the intensity of the absorption band of the associating molecules and an accom- 
panying weak alteration in the intensity of the absorption band of the free molecules (Fig. 2a), Similar conclu- 
sions concerning the alteration in the band intensities for molecules in the free and in the associated state are 
known from the case of hydrogen bonding in O—H....0 systems [3]. 
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Absorption 
SSEE 


3400 3300 300 
. 1. Infrared spectra; a acetylene in 
idine; C = 1:4; d=50p. 1) At -64°,2) 

acetone; 3) in dioxane; (4) in pyridine; 5) in at + 22° 

ether. b) -O—-CH=CH-C =CH in py- 

ridine; 1) C = 1:40 (d = 55 2)C = 1:4 

(d= 95p ). It is interesting to note that the data on the dis- 
placement of the absorption band , Av, and the band 
width, in the =C-H....0, and = C—H....N 

types of hydrogen bonding fit into the width, displacement relation, ¥3/, = 0.72 + 2.5 cm~, which has been 

established for hydrogen bonds of the O-H....0 and OH....N types [4]. with C,H,~O0—CH= CH —CH. . 


in pyridiney, p= 90 cm” Avcalc, 120 Avexp, =110em" 
in ether em™ Av em™ Avex, =55 em 


Because of molecular symmetry, the frequency of vibration of the = C—H group in gaseous acetylene 
(V = 3280 cm -1), and in CCl, acetone, and dioxane solutions of acetylene (Fig. 3), differed froin the frequency 
of vibration of =C-—H group in derivatives of acetylene under the same conditions, This symmetry could be 

* destroyed by replacing the hydrogen of the gaseous acetylene by deuterium,and the vibration frequency of the 
=C—H group in the resulting HC = CD molecule then appeared in a region which is characteristic of the ace- 
tylene homologs ( Y= 3326 cm), The observed displacements of the absorption maximum for the = C-H 

band in the spectra of acetylene and its homologs in acetone and dioxane solutions with respect to its position 


*No account was taken of the distortion of the =C — H absorption band in the determination of Vy/,. 
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in the spectra of these compounds in CCl, were approximately equal; this was clearly due to the participation of 
both hydrogen atoms in the formation of the acetylene complexes, The large difference between the frequency 
of vibration of the = C—H group in gaseous acetylene and in acetylene in CCl, solution (A = 20 cm”) requires 
further study, 


An estimate of the energy of complex formation with participation of the =C~—H group could be made on 
the basis of the experimental data, For this purpose the equilibrium between R-C = C—H and pyridine was 
studied over the temperature interval from 293 to 373°K by the method of infrared absorption spectra, A calcu- 
lation based on the reaction isochor gave 2-2,5 kcal for the heat of reaction, The change in the integral in- 
tensity of the = C—H... bond band during formation of the =C—H...X complex was taken into account in this 
calculation, The ratio-of intensity coefficients, J=c—u... / /=c—ii was approximately equal to four in this 
case, The energy of formation of the =C—H...0 \, system proved to be 1-1.5 keal, 


An evaluation of the energy of the =C—H...X(X =0¢ oN 4 ) bonds from the equation of N. D. Sokolov 
a*1 Av 


[5] e=4D5 ik with allowance for the ionic character of the bond gave a result of the correct order of 
magnitude, The stability of the = C—H...X complex is strongly dependent on the valence state of the atom. 


The results obtained here have significance for an understanding of the nature of secondary chemical bonds 
and gives a scientific basis for processes of separating the acetylene hydrocarbons, 
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Fig. 3. Infrared spectra of acetylene: 1) Vapor; 2) in 
CC], (d = 3.5 mm); 3) in acetone (d = 95 / ); 4) in dio- 
xane (d= 55 ). 
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A UNIVERSAL SCALE FOR THE EFFECT OF SOLVENTS 
ON THE ELECTRONIC SPECTRA'OF ORGANIC COMPOUNDS 


I. A. Zhmyreva, V. V. Zelinskii, V. P. Kolobkov 
and N. D. Krasnitskaya 


(Presented by Academician A. N. Terenin July 15, 1959) 


The effect of solvents in altering the absorption and fluorescence spectra of organic compounds can be 
due to various types of interaction, some chemical and some physical. It has recently become increasingly clear, 
however, that there is a common origin for certain well-defined changes which are observed in the spectra of 
radically different substances, 


A. I. Kipriyanov [1] has noted the existence of a general ordering of the solvents according to their effect 
on the absorption spectra of various organic substances, the spectra of one group being displaced toward long 
wavelengths on passing from one solvent to another, while the spectra of another group are displaced toward 
short wavelengths, Lippert and Moll [2,3], studying the effect of an extensive group of solvents on the spectra 
of various organic compounds, have shown the spectra of all of their working substances to be similarly affected 
by interaction with a given solvent; thus it should be possible to construct a single scale ordering the solvents 


according to their action on the spectra of organic substances. Such a scale was not constructed by these authors, 
however, 


V. V. Zelinskii, V. P. Kolobkov, and L, G. Pikulik [4] have directed attention to the uniformity of the 
effect of an extended group of solvents on the fluorescence spectra of various derivatives of phthalimide and have 
proposed that solvents be ordered according to their effect on the fluorescence spectrum of 4-amino-N-methy]- 
phthalimide. V. V. Zelinskii, V. P. Kolobkov, and I. I, Reznikova have noted in [5] that the ordering of the 
solvents with respect to their effect on the fluorescence spectra of the phthalimide derivatives holds with respect 
to other chemical classes as well. Kosaver [6] has also noted the uniform action of solvents on the absorption 
spectra of various organic compounds, 


It is shown in the present work that a universal scale for the effect of solvents on the spectra of organic 
compounds can be constructed by using 4-amino-N-methylphthalimide as a reference substance, 


A frequency scale has been plotted or the axis of ordinates in Fig.1. The various solvents have been located 
on the axis of abscissas in such a way that the distance between any two of them is equal to the length of segment 
on the axis of ordinates representing the difference in the frequencies of the spectral maxima in these solvents. 
Many of the points representing the position of the fluorescence spectra of other organic compounds in various 
solvents prove to be distributed along straight lines when the frequencies of the spectral maxima are plotted with 
respect to this ordering. Fig. 1 shows such lines for certain phthalimide derivatives. * 


Values of v™8X for other substances (o-methoxybenzoic acid, aminonaphtheurobin and its derivatives of 
maleinimide, acridine, and 2-aminoacridine) in various solvents have been plotted on the proposed scale in 
Fig. 2. It is clear that the v “— —solvent relations for these substances are also linear,** ‘The absorption 


We have studied 21 phthalimide derivatives, On the proposed scale, each of these derivatives showed a linear 
relation between the frequency of the maximum in the fluorescence spectrum and the solvent, 
* *Instances of nonlinear a“ — solvent relations will be presented elsewhere. 
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Solvent no.~—-_ 
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Fig. 1. The ym -solvent relation, Fluorescence; 


I) 4-amino-N -methylphthalimide ; Il) 4-dimethy]- 
amino-N-methylphthalimide (Nos, 69, 66, 37, 31, 
22,19, 18, 14, 8, 7, 3, 2,1); IM) 3-amino-N-methyl- 
phthalimide (Nos, 78, 75, 69, 66, 50, 45, 37, 35,31, 
22, 19, 18, 16, 10, 8, 7, 6, 3, 2, 1); IV) 3, 6-tetra- 
methyldiamino-N -methylphthalimide (Nos, 78, 69, 
66, 37, 35, 25, 19, 16, 10, 8, 7, 3, 1); V) 3-hydroxy- 
N-methylphthalimide(Nos. 78, 69, 25, 10, 6); Ab- 
sorption: VI) Dye 11 in McRae’s nomenclature [7] 
(Nos, 78, 71, 66, 37,25, 19); VIL) the iodide of 
1-alkyl-4-carbomethoxy-pyridine [6] (Nos, 69,66, 
39, 37, 25). 


or 0.035 of the scale, the aromatic hydrocarbons with v 


ated hydrocarbons with = 24400 


maxima in the spectra of two substances taken from 
Kosaver [6] and McRae [7] have been plotted in Fig.1. 
The results of these authors fit well into the proposed 
solvent scale, On the proposed scale, the variation in 
the position of the absorption spectra of the phthalimide 
derivatives are not represented by straight lines, but by 
curves which pass through minima, The ordering of the 
solvents in terms of their effect on spectra is maintained 


even here since all of these points fall nicely on a single 
curve,* 


Thus, for an extended class of substances, the po- 
sition assigned to a given solvent on the basis of its 
effect on the absorption spectra is the same as that 
assigned on the basis of its effect on the fluorescence 
spectra. This makes it possible to give a numerical 
expression to the relative intensity of the effect of a 
solvent on the spectrum of an organic substance, The 
zero point of this scale is naturally located at the posi- 
tion occupied by the spectrum of the vapor, the position 
of the fluorescence spectrum in water being chosen as 
100, Tables 1 gives numerical expressions for the 
relative intensity of the action of solvents* * on spectra, 
these being based on the alteration of the positions of. 
certain solvents, 


The reference substance for our scale, 4-amino- 
N~methylphthalimide, was studied in a great number 
ot chemically different solvents. An ordering of the 
solvents in terms of the frequency of the maximum of 
the fluorescence spectra proved to be also an ordering 
in terms of chemical type. Thus, the hydroxyl-con- 
taining solvents occupy the spectral region from 16000 
to 19000 cm”, or 0.25 of the above-proposed scale, 
The alcohols occupy a still more narrow interval within 
this region, ie., from 17600 to 19600 cm, or 0.14 of 
the scale, The esters form the next large group. In 
these substances, ymex varies from 18800 to 21600 
cm™, and they occupy 0.34 of the scale. Following 
these, come the ethers with v™4X = 21700 -22050 cm~!, 


- = 22000-22500 em~, or AS = 0.05, and the satur- 


It is to be noted that differences in the state of aggregation of solvents are of no significance in many 
cases, Thus the position of the fluorescence spectra in solid methanol is exactly the same as in the liquid al- 
cohols. The fluorescence spectra in solid stearic acid occupy the same position as in the liquid acids, The 
fluorescence spectra in solid dimethyloxalate are almost identical with those in liquid diethyloxalate, 


The generality of the effect of solvents on the spectra of highly dissimilar substances eliminates the pos- 
sibility of explaining this effect in terms of certain specific bonds, In particular, Lippert and Moll [3] have shown, 
that hydrogen bonding cannot be responsible for the observed general relation between solvents and spectra. 


* Causes for different solvent effects in absorption spectra and in fluorescence spectra have been treated in [2,4]. 
The present authors will deal with this problem in detail elsewhere, 
** Wwe did not have the opportunity of studying all of the test solvents in satisfactorily pure form. A check of the 


spectra of the reference substance in ideally pure solvents would undoubtedly show changes in the scale position 
of certain solvents, 
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26 


Vapors 
n-Hexame 
n-Octane 

Carbon tetrachloride 
Ethylene chloride 
Isopropyl bromide 
Toluene 

Benzene 
Chlorobenzene 
Ethyl bromide 
Propyl bromide 
Bromobenzene 
Diisoamyl ether 
Diisopropyl ether 
Diethyl ether 
Ethylene bromide 
Anisole 

Carbon disulfide 
Propyl chloride 
Dioxane 
Camphor 


a-Chloronaphthalene 
Dibutylphthalate 
Dimethylphthalate 
Chloroform 
Triethylamine 
Diethy] ester of maleic acid 
Tributylphosphate 
Isoamyl acetate 
Butyl acetate 

Propyl acetate 

Ethyl acetate 

Acetal 

Nitromethane 
Acetone 

Diethyl malonate 
Pyridine 

Benzyl acetate 
Acetonitrile 
Pinocoline 
Methylbutyl ketone 


+ Acetic anhydride 


Methyl ester of benzoic acid 


26.5 
24.4 
24.4 
23.4 
22.8 
22.5 
22.5 
22.4 
22.3 
22,25 
22.15 
22.05 
22.05 
22.0 
22.0 
21.9 
21.9 
21.75 
21.75 
21.7 
21.6 
21.6 
21.5 
21.45 
21.4 
21.2 
21.0 
20.7 
20.7 
20.7 
20.7 
20.65 
20.65 
20.65 
20.6 
20.55 
20.5 
29.4 
20.4 
20.4 
20.3 
20.25 
20.2 


42.5 
43.5 


44.5 


58.5 
58.5 
58.5 


59.5 


62.5 


Formal 

Cyclohexanone 

Quinoline 

Dibutyl ester of sebasic acid 

a-Bromonaphthalene 

o-Formic ester 

Propyl formate 

Methyl formate 

Isobutyric aldehyde 

Thymol 

Diethyl oxalate 

Dimethyl oxalate 

Benzaldehyde 

Glycerine dichlorohydrin 

Menthol 

Cyclohexanol 

Secondary octyl alcohol 

Primary octyl alcohol 

Isobutyl alcohol 

Butyl alcohol 

Isopropyl alcohol 

Stearic acid 

Monyl acid 

Ethyl aleshol 

Tertiary butyl alcohol 

Monethyl ester of ethylene 
glycol 

Methyl alcohol 

Butyric acid 

Formamide 

Benzyl alcohol 

Phenol 

Glycol 

Acetic acid 

Glycerin 

Monochloroacetic acid 

Water 

Trichloroacetic acid * 


20.0 
20.0 
20.0 
19.9 
19.9 
19.4 
19.1 
19.0 
19.0 
18.9 
18.8 
18.8 
18.8 
18.8 
18.8 
18.8 
18.8 
18.8 
18.8 
18.8 
18.8 
18.8 
18.7 
18.65 


18.55 
18.4 

18.25 
18.15 
17.95 
17.75 
17.75 
17.75 
17.6 

17.55 
16.5 


*S was determined from the effect on the Spectrum of 4-acetylamino-N-methylphthalimide (see Fig. 2). 
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82.5 
83.5 
85.5 
85.5 
87.5 
87.5 
89 
89.5 
100 
117.5 


No.0! 
com- S 
pound 
o | 48 20.1 | 64 
21 | 44 65 
31 | 46 65 
37 47 66 : 
40 | 48 66 
40 | 49 71 
5 
53 16 
44.5) 54 3 
- 
45 | 56 "7 
46 58 11 
46 | 59 a 
47.5) 71 
48 | 62 
49 64 71 
49 | 65 ” Bc: 
50.5| 66 78 
51 | 67 —_ a 
53 68 
= 55 
27 58 | 69 
28 58 | 70 
29 68 | 71 
33 | "5 3 
34 59 | 16 
a 
36 60 78 
37 61 | 79 
38 61 3 
39 61 
40 62 
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» solvent relation, I) 4-amino- 
N-methylphthalimide; Il) 4-acetylamino-N -methy]- 
phthalimide (Nos, 79, 78, 76, 75, 69, 66, 49, 37, 35); 
Ill) o-methoxybenzoic acid (Nos. 79, 78, 66, 32); 
IV) aminonaphtheurobin (Nos, 69, 67, 66, 32, 25, 2); 
V) dimethylaminonaphtheurobin (Nos, 66, 51, 44, 
37, 32, 25, 19, 14, 7, 3, 2); VI) acetylaminonaphthe - 
urobin (Nos. 69, 66, 37, 32, 25, 7); VIZ) aminochloro- 
maleinimide (Nos. 69, 66, 40, 32, 29, 25, 16, 6, 2); 
VIII) cyclohexylaminomaleinimide (Nos, 66, 48, 31, 
19, 8, 6, 3, 2); IX) acridine (Nos, 79, 78, 76, 66). 


Pikulik, Opt. i Spektr., 2, 402 (1957), 


Reznikova, Transactions of a Conference on Thermo- 


(1958). 


Bond formation could only result in departures from the 
general rule, On the other hand, the existence of a 
clearly expressed relation between the alteration of the 
spectra, the chemical nature of the solvent, and the 
presence of a functional group in the solvent molecule, 
as well as the almost complete invariance of the spec- 
tra under pronounced alteration in the macro properties 
of a solvent of given chemical type, all force one to 
seek the origin of this effect in the micro properties of 
the solvent[5]. Kosaver [6] has also concluded that the 
micro properties of the solvent fix the position of the 
spectra, 
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THE SOLUBILITY OF GRAFTED COPOLYMERS DERIVED 
FROM POLYSTYRENE AND ACRYLIC ACID 


M. M. lIovleva, P. V. Kozlov, and Academician V. A. Kargin 


M. V. Lomonosov Moscow State University 


-A close examination of the available data on the properties of double-strand grafted copolymers reveals that 
these systems exhibit peculiar properties. Thus, the thermomechanical data indicate that the grafted copolymers 
retain the transition temperatures of the initial components, meaning that they preserve the glass transition tem~-~ 
perature (Tg) of the component with the lower T,, and that the flow temperature (T, ) is determined by the flow 
temperature of the component with the highest T¢[1, 2], This means that the grafted segments and the main 
chain segments exhibit a certain degree of individuality despite the fact that they are chemically bonded to each 
other, Structural characteristics exhibit similar effects [3]. 


These observations give rise to a certain ambiguity, in the sense that one does not know how the grafted 
copolymers should be treated from the standpoint of fundamental thermodynamic concepts, particularly in view 
of the usual definition for a component, 


A component is defined as an independent constituent of a system, or in other words, as a substance which 
can be removed from the system and exist independently outside of it [4]. When the initial system before grafting 
includes a polymer and some monomer, there is no doubt that two components are present, The act of grafting 
involves a chemical reaction which results in the formation of a chemical bond between two polymers, The 
initial components cease to be independent since they can not anymore be extracted from the system. On this 
basis we are right in regarding the grafted copolymer as a one-component system. On the other hand, the well - 
known individual character still retained by the components constituting the grafted copolymer raises certain 


doubts concerning the above-mentioned formal deduction, and the latter, naturally, requires experimental verifi- 
cation, 


According to Gibbs* phase rule the number of components in a system is rigidly controlled by the number 
of phases and degrees of freedom. The interdependence between these three parameters is usually used to de- 
termine the number of degrees of freedom from the known number of phases and components, It is quite obvious 
that the reverse problem can also be solved — from the number of phases and degrees of freedom, which can be 
be determined from phase diagrams, one can get the number of components in the system, The phase diagrams 
of two-component polymeric systems have been examined in great detail in several papers dealing with both 
homopolymers and copolymers [5-7]. 


Three-component polymeric systems have been analyzed theoretically by Scott [8], who also listed the 
principal types of phase diagrams, The three-component systems have also been studied experimentally by 
Bronsted [9] and Papkov (10, 11]. 

In our opinion, by studying the phase diagrams of grafted copolymers,and comparing them with the al- 
ready-known types of diagrams, it should be possible to resolve the problem of the number of components in a 
grafted copolymer, We used for our study the grafted copolymers of polystyrene and acrylic acid; these were 
prepared and subjected to a preliminary study in an earlier work [2]. 
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Fig.'1. Phase diagrams: I) grafted copolymer (GP) — benzyl alcohol 
(BA) — methyl alcohol (MA) system; II) polystyrene (PS) — ethyl laur- 
ate (EL) — n-butyl alcohol (n-BA) system. A) Solubility region; B) 
phase-separation region, 


We found that the grafted copolymers were insoluble in the commonly used organic solvents and were 
only sparingly soluble in acetophenone, benzyl alcohol, and ethyl benzoate, Moreover, even then it took 24- 
48 hours of refluxing to achieve solution. The resulting solutions remained homogeneous upon cooling, 


Due to this solubility behavior the phase diagrams of grafted copolymers could not be studied by means of 
the methods commonly used for studying two-component systems [5]. We therefore used a method involving 
the addition of a precipitating component to a solution maintained at a constant temperature [9]. 


Benzyl alcohol was used as solvent, The solutions were prepared by refluxing the grafted copolymer with 
benzyl alcohol for 24-48 hours, The resulting homogeneous solutions were cooled and kept at room temperature 
for 2-3 days, after which the precipitating agent (methyl alcohol) was added until turbidity appeared in solutions 
of various fixed concentrations, The appearance of turbidity was determined by using a photoelectric colorimeter 
to note the abrupt increase in optical density, It should be noted that upon standing the system containing the 
grafted copolymer, benzyl alcohol, and methyl alcohol separated into two phases — a solution of methyl] alcohol 
in benzyl alcohol,and the swollen grafted copolymer dissolved in benzyl alcohol, From the known amounts of 
grafted copolymer, benzyl alcohol, and methyl alcohol we computed the critical concentrations of the system 
at this point (at room temperature, 25°), 


The experimental critical concentrations in solutions of grafted copolymers with a 5 and 22% acrylic acid 
content are represented in the form of Gibbs triangles in Fig. 1,1. The figure shows that the critical concentra- 
tions of the investigated systems lie on a straight line which starts from the side representing the methyl] and 
benzyl alcohol components and crosses the side representing the grafted copolymer and benzyl alcohol, Both 
grafted copolymers give practically the same critical concentration line, which is evidently connected with the 
fact that the component ratio in the two grafted copolymers is not very different, 


Our phase diagrams for the grafted copolymer — benzyl alcohol — methyl alcohol system indicate that the 
given system has one degree of freedom and consists of two phases, Using the phase rule and assuming a con- 
stant temperature and pressure we can determine the number of components present ' 


k=ftp=14+2=3, 


where k is the number of components, f . the number of degrees of freedom, and p the number of phases, 


We thus find that the system containing the grafted copolymer, benzyl alcohol, and methyl alcohol 
consists of three components, Consequently the grafted copolymer should be regarded as a one-component 
system, 


This result can also be confirmed by comparing our phase diagram with that for a distinct three-component 
system, namely polystyrene (PS) — ethyl laurate (EL) — n-butyl alcohol (n-BA), shown in Fig. 1,11 [9]. In the 
latter the components interact in the same manner as do those in the previously discussed system: polystyrene 
is weakly soluble in-ethyl laurate,just like the grafted copolymer in benzyl alcohol; polystyrene is immiscible 
with n-butyl alcohol, and the same was observed in the case of the grafted copolymer and methy! alcohol; n- 
butyl alcohol is completely miscible with ethyl laurate, and so is benzyl alcohol and methyl alcohol. This 
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similarity is apparent from the fact that both systems have very similar phase diagrams (Fig.1). One should, how 


ever, note that the solubility region of the second system is greatly attenuatedin comparison with that of the 
first,since the solubility of the grafted copolymer is limited to 2-3%, 


The results obtained above and the thermomechanical and structural results mentioned earlier,are in no 
way contradictory. Apparently the thermomechanical and structural properties depend on fairly large segments 
of both the grafted polymer and the principal polymer chains, The peculiar thermomechanical and structural 
properties result from the fact that the formation of chemical bonds between these chain segments does not pre- 
vent their more or less independent motion, But in solution phenomena, where the heterogeneous chemically 


bonded microsegments can only act as a single entity, the grafted copolymer behaves like a one-component 
system, 


From all this one would also conclude that two-strand grafted copolymers should,in general,exhibit very low 


solubility in solvents in which either one of the copolymer components is highly soluble, This was,in fact,con- 
firmed in one of our earlier papers [2]. 
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A STEADY-STATE THEORY FOR THE THERMAL EQUILIBRIUM 
IN THE CONDENSED PHASES OF POWDERS AND EXPLOSIVES 


B. I. Plyukhin 
Institute of Chemical Physics, Academy of Sciences USSR 
(Presented by Academician V. N. Kondrat'ev, June 12, 1959) 


In analyzing the thermal processes in the c-phase (condensed phase) of a burning powder or explosive, use 
is made of the equation [1]: 


xT” + cmT’ + W (x) + kq,e-* =0 (1) 


with the boundary conditions; T (0) = T, [or T'(0) = ,] and T (oo) = Tp, and where A is the thermal conduc - 
tivity coefficient, T the temperature (Ts the temperature at the burning surface, Ty the _— temperature) 
the specific heat at a constant pressure, m the mass combustion velocity, W = Ae™ ERT P ERT 
the specific rate of heat evolution in the c-phase, p the density, Qchem the heat of the reaction, Z the frequen- 
cy factor, k the absorption coefficient of the radiant energy flux, q, the radiant energy flux from the g-phase 
(gas phase), 


The c-phase of a burning material is partially decomposed and partially dispersed into the s-phase( smoke - 
gas phase) [2], The percent decomposition Vv and percent dispersion will determine the total heat evolved 
in the c-phase, Qohem =4Qo =(1—H)Qo, ¥+H =1, where Q, is the heat for a complete decomposition of 
the c-phase and the dispersed particles (drops) in the s-phase [for nitroglycerin and pyroxylene powders in vacuo 
[2] Qchem 80 caV g; v= 0.3; = 0.7, i.e. Qo=(Qchem 270 cal/g). 


The first integration of Eq. (1) yields the over-all thermal equilibrium in the c-phase: 
co 


where qg = cm(Ts — Tp) _ is the heat absorption rate in the c-phase, qn = Ay, is the heat transmitted from 
Ts 


aT AT 
outside by conduction and convection, dcghem = MQchem = \ Ae—E/RT dx = \ ~ —_3 
0 


Ps Ps s 


the evolution rate of chemical heat (E/RTs >> 1), qr = €'€ ots the heat transmitted by radiation, 


— 
G2 (x) = \ dt (for ) ; €* the opacity coefficient of the powder, € the opacity 
1 


coefficient of the flame,o the Stefan constant, T, the flame temperature, 


After determining the width of the chemical reaction zone, jen, ws/e_ we get 


2 
Tehem_ RTs In (c “es 


Tchem 


T+ “chem 9, Ee 


= 
Ag 
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‘ 
: 
1099 


RT? 
The heat evolution rate in the c-phase is = Ee f, = Nehem Wiis, fs= 
Ps 


1. 


Thus from the therma! equilibrium Equation (2) we get 


_ 
c(T, —To) 


To get , as a function of T, it is convenient to first get the approximate solutions of Equation (1), 
neglecting for the time being the radiant-heat transfer which will be considered separately, Then Equation (1) 
can be transformed into a dimensionless form: 


+ vu’ + de" =0 (4) 


with the boundary conditions; v (0) = 0 or v‘(0) = = E(To- Ts)/RT: where 


c*m*RT? 


The parameter 6 is similar to that used by D, A, Frank-Kamenetskii for thermal detonation [3]; in our 
case the width of the thermal layer, hy = A /cm, replaces the width (diameter) of the reactant. 


Solution of Equation (4), where v = v (5,vo,£), on the surface has the form 0 = v (6,v9,0), or in other 
words the following relationship exists [5 = 6 (v9) = & E(Ty — T,)/RT3). Consequently, 


—E/2RT (i — ») Z —E/2RT, V x 


is identical, except for the coefficient, with the expressions for m derived by Ya. B. Zel'dovich [1] and by 
A. N. Komogorov et al, [4]. 


A numerical integration indicates that the thermal contour of v(&) depends on the following boundary 
conditions; a) v",=—(v', + 5) <0(c-phase important), b) v"s = —(v's +6) = 0 (c-phase unimportant), and c) 


v*,=- (w, + 6) > 0 (c-phase can be entirely neglected), where v," is the curvature of the thermal contour 
surface, 


a) Combustion in vacuo (-v", « |v"s|) v"+ 6¢€%= 0, Combining the solution of our equation with a 


Michelson solution (for the euteerenilin of thermal flux) we will get 


v~—2Inch (V 28). 5 m=~D —ToE Since 


1,54 RTS 


The parameter 6 has a simple physical interpretation— it gives the square of the ratio between two rates (in the 


thermal layer h, and the chemical layer hohem)- 


a Michelson solution we will get 


E(T,—To) P ApZ (1 — 4) Qo 


b) Combustion at high pressures (—v's > |v"s|): V's + SeY = 0, Again, by combining our solution with 


RT, 
c (T, — To) 
v= 
RT? 
6 
1100 


hchem _ e-1 4,718 RTS 
= @ = 1,7 
Since v(hchem) = -1, then Echem ht 8° 3 = 1,718 E(T,— 
Again the parameter 6 defines the ratio between two rates (hy and hopen) 
1 -E ARTs 


The parameters of the c-phase can be related to T, by means of the equations; ————= Ze 


B _E/2RTs Hchem _ cB2 Te “Tchem "chem pZRTS = E/RT 
chem * pz & ht CB hem BE 


AT, E —EpRT 


Achem 


For a general case Equation (3) has the form: 


q [const (4 — uy + éonst (4 — 2)’ +e 


¢(T;— To) e(T,—T») 


Let us introduce the thermal equilibrium parameters for the c-phase, 


chem O?\ RT, e(l,—Te) . 


(8) 


In a steady-state approximation the combustion velocities are equal: 


Mm = Mm, == mM, = Be~"PRTs — B, Fu2RTs (9) 


where B, and By are two proportionality constants calculated from the Ya. B. Zel'dovich equation [1]; Ey and E, 
the effective activation energies for reactions in the s- and g-phases; T, and T, the temperatures in zones of 


maximum heat evolution in the s- and g-phases; n, and n, the effective reaction orders in the + and g-phases, 
respectively, Whence, 


pt const aT, n,RT? RT? dy 
1—p dP EP E(i— yp) dP 


(10) 


If the degree of dispersion does not vary with the pressure (du /dP = 0), we will get an equation similar 
to the Clausius-Clapeyron equation for the boiling point. Consequently the effects of pressure on the surface tem- 
perature Ts are identical regardless of whether the c-phase reaction is exothermic or endothermic, or in other 
words the Ya.B, Zel'dovich equation for m(Ts ) is valid in both cases. 


Under reduced pressure the flow of heat into c-phase from outside declines to almost zero, and at low 
enough pressures (at ~ 40 mm of Hg for nitroglycerin and pyroxylene powders [2]) the surface temperature and 
the combustion velocity cease decreasing, Thus the results of experiments on the combustion velocity in powders 
[2] confirm the validity of the Ya, B. Zel'dovich equation, in that,in general, the surface temperature T, depends 
on pressure, Equation (10) was verified experimentally [2] and therefore proves a means of determining E and Z. 


For the opaque zone (s~phase) temperature T, we get 


—E,/RT. aT RT? 
‘According to Equations (10) and (11) as P is reduced the temperatures T, and T, tapidly decline, However, 


at certain limiting values Tse, > Ty and Ty¢y > Ts, the decline in temperature levels off. This constitutes 
a limiting case in which the effects of pressure have been entirely eliminated, 


: 
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In the case of secondary explosives, where there is no possibility for the dispersion of solid particles or 
liquid drops, one only has to consider the relationship between the c-phase and s-phase characteristics, Eq.(9), 


The T, (Py) function derived here enabled us to determine the remaining c-phase characteristics as a 
function of pressure P and percent dispersion p: 


h 
chem pZBy 


’ 9s = Pe 


pat? = const: (1 


p'/2 E,/2RT, 


B2Qo (1 —#) 


/2,—E,RRT 
ZRT 3/2 2 

(1 —p) Qo 


In the range of pressures generated in rockets (100-200 atm) the thermal equilibrium parameters Shem 
and ap, in Eq. (8) are constant to the first approximation (when j: is constant), Thus for nitroglycerin and pyroxy- 


lene powders Qchem ™0.70, — 0.20 and a,*0.10-0.15 [2]. However, at very high pressures (P-* 00), 
due to an increase in T, (P) [see Eq. (10) ], 


_ Q%(i—v) _ 9 


To evaluate ay = qr /qp we calculated the radiant heat transfer q,= € "eoT4 separately as a function of 
pressure, The opacity of powder ¢*= 1-R* (where R' is the lightreflection coefficient of the powder surface) is 
approximately 0.9 [2]. The degree of flame darkness 


RT. 


where 1, and T, are the optical paths, a, and a the absorptivities of the media, My and Mg the mean mo- 


—xt 


lecular weights of the media, S, and S, the dimensions of the s-phase and the g-phase; 63x = \ = dt. 


| 


Calculations have shown that the relative magnitude of radiant heat transfer a, = Gr/q) remains practic - 
ally zero until a flame appears in the g-phase, when it rapidly increases, attaining a maximum (0.07-0.20) at 
pressures which result in a complete combustion of powders (~ 50 atm) and then slowly begins to decline; at 
high pressures the decline is roughly inversely proportional to the pressure, 


In regions where the thermal equilibrium parameters vary very little one of three possibilities exist: 

S%chem> %» =» chem depending on the heat of the reaction (Qchem) in the c-phase, Thus 
1 thin 
for the boundary condition v", +6) =0 we get Qchem 0.07, 
t s 0 

The theories analyzing the heating of the c-phase caused by the flow of heat from the g-phase cover just 
one limiting case of the thermal equilibrium equation: on 1, Or Qchem = Qo 0. 
Theories analyzing the heating of the c-phase caused by a chemical reaction on the combustion surface cover 


another limiting case: &h 0, 1, or 0, Qchem = Qo (1-H) (Tg — To). Sanger’s theory [5] leads 
to the third case where a ee which does not seem to be attainable in practice, 
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THE EFFECTS OF INERT SOLVENTS ON THE PHYSICOCHEMICAL 
PROCESS IN SOLUTIONS 


E. S. Rudakov 
All-Union Scientific Research Institute of Petrochemical Processes 


(Presented by Academician M, I. Kabachnik, July 15, 1959) 


There exist a large number of processes which strongly depend on the medium (solvolysis of alkyl halides, 
solubilities of certain electrolytes and nonelectrolytes, etc.), and which could not possibly be connected with the 
formation of specific compounds between the solvent and solute molecules [1]. Let us see if it is possible to 

account for these effects within the framework of ideaFsolution theory [2]. To do this we will use the following 
equation for the activity coefficient y, of molecules in dilute solutions: 


RT In, = AE, = [ — E (1) 
s 
— 


where AE, is the potential energy in the given solvent relative to that of the pure solute, which is selected as 
the standard state; Ey. E,, Vy, and V,, are the molar energies and volumes of the solute and solvent respectively. 


The activity coefficient is calculated from the equation Yy = pe (=), Bec s where Py is the vapor pres- 
0 1 


sure of the solute when its mole fraction in solution is Ny, and P49 is the vapor pressure of the pure solute. 


Equation (1) can be derived in the following manner, Let us assume that Vy = Vs. To transfer molecule 1 
from liquid 1 into the solvent we have to; 1) provide energy E, to get it into the vapor phase; 2) provide energy 
E, to form a “hole” of molecular dimensions in the solvent ( it is assumed [4] that the energy of “*hole* forma- 
tion) without evaporation is equal to the ynersy of vaporization); 3) transfer molecule 1 from vacuum into this 
hole, gaining the energy 2 Ey,= 2Ey 2 gl’2. If the volumes V, and Vs are not equal the energy required to 


Vv 3 
form a “hole” of size V, in the solvent should be proportional to the “hole" surface, Eg ae - The 


energy of interaction between the “hole” and molecule varies accordingly. Equation (1) differs from the usual 
equation for ideal solutions [2-4], 


Vv. 
in that in the latter the energy of “hole” formation E, Gu is taken as proportional to the volume V, and 


not to the surface of the *hole*, 


ay 
| 
= 
= 
q 


1). The solvolysis of tertiary butyl chloride provides an example of a monomolecular reaction where the 


specific reaction rate decreases by 18 orders of magnitude in going from water to the gas phase [1]. This pro- 
nounced solvent effect is not related, however, to any chemical properties of the solvents; the reaction rate is 
independent of pH [5], and studies carried out in formic acid show that traces of water have no effect on the rate 


Since in the theory of ideal solutions it is assumed that there are no specific interactions between the solute 
and solvent molecules, we should introduce into Equation (1) the nonspecific interaction energies instead of heats 
of vaporization, which depend on the molecular association in the liquid and vapor phases. The former can be 
determined from the Van der Waals constants a; (Ej = aj/ V;) or from the boiling points of the liquids T;(Ey=cT; ), 
Let us examine some of the applications of Equation (1), 


either [6,7]; the rate also remains practically the same in such a variety of chemically different solvents as 


CHgsNO,, C,HsOH, NHsg, aud CHyCOOH [1]. This unusual behavior indicates that the solvents are all inert (with 
respect to the given reaction), and therefore Equation (1) can be used to calculate the rates, 


\ 
C,H50H 

C H30H 


| 
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Fig. 1. Relationship between the specific 
solvolysis rate of (CHg)gCC1 and its ac- 
tivity coefficient, at 25°C. 


According to the theory of absolute reaction 
rates [4] the effects of medium on the specific rate 
k of a monomolecular reaction can be expressed 
by the equation: 


k= i, (3) 
+ 


where yy; andy, are the activity coetticients of 


the reagent and the activated complexsrespectively, while ky is independent of the medium. Replacing the ac- 
tivity coefficient y, in Equation (3) by the corresponding function trom Equation (1), and yy by the expression: 


phase reaction rate ky in place of Ky, we get 


RT = [ 


RT Ii =: — — VE — V7). 


vkcal Vvkcal 
Jmole V¥mole 
20 
4 
30 7 25 
> £5 129 
N |. 
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45 20 25 Vkcal 

 Jmole 

Fig.2. Solubility as a function of the ac- 
tivity parameter of thg inert solvent 
1h 1/, _ kcall’2 
cm-mole 
I) Solubility of glycine ([14] at 25°) in 
water (1), formamide (2), methy] al- 
cohol (3),ethyl alcohol (4),and acetone 
(5) (Vy = 46.7 cm’/ mole); II) solubility 
of silver acetate (at 25°C [15]) in water 
(1),methyl alcohol (3), ethyl alcohol 
(4), and acetone (5) (Vy = 51.2 cm*/mole). 


E (Table 2), 


where E , and V4 are the molar energy and volume of the activated complex, and by introducing the gas 


Since the volume of an activated complex in a monomolecular reaction is not too different from that of 


- 
2 
gee 
ot 
¥ 
a 
| 


the initial molecule (A, V= 2.8cm*/ mole [13] when V; = 111.1 cm’/ mole) we can assume as a first approxi- 
mation that V;=V4. Then Equation (5) can be simplified to; 


RT = 26% (7+) EL). 6) 
A 
Using Eq.(6) we get the formula; 


A—1 


(7) 


where kj _ is the specific reaction rate in pure (CHg)sCCl; with this rate constant we can compute the reaction 
rate in the gas phase using the experimental rate data in liquids (Table 1), In our calculations we replaced the 
E,/ E, ratio in Equation (7) with the ratio of boiling points at atmospheric pressure. 


With the help of Equation (6) it is also possible to derive Winstein's empirical formula used for comparing 
the solvolysis rates of various alkyl halides [10-12]; it is also possible to account for the reaction-rate increase 
with pressure [13],and the peculiarities of reactions in 2-component and 3-component systems. 


2. Interaction energies calculated from kinetic data, 
Neglecting the parameter EV, 3, in Equations (1) and (5) 
Calculated Specific Solvolysis Rates of we get a linear relationship between the functions for the 
(CH3}g,CC1 in the Gas Phase at 25° reaction rate and the activity coefficient of (CH3)sCCl,which 
is in full agreement with the experimental results (Fig.1).The 
value of log y, in ethyleneglycol was calculated from kinetic 
~log -§- data taking into consideration the reagent distribution between 
Rete the liquid and gas phases in the reaction vessel; log yy = 0 in 

(CHg)CCl (standard state); the reamining values are from [12]. 


TABLE 1 


V* in 
mole 


Water : 
ormic acid 
Piycerin 
ttinylene-glycol 
Me hyl aironol 
Nitromethane 


Art mene ome” In Table 2 we have compiled the interaction energies 

1,1 calculated from kinetic data E; and from Van der Waals 
Measured in the gas phase (9 25° 5x2 constants (a; / V;). In comparing these two functions one 
must jetaitin that the constants aj were calculated from 
critical data,and consequently involved the liquid association 
at the critical point. The method used for calculating the 
nonspecific interaction energies from the (CHg)sCC1 solvolysis 
rate data are free of this error, We have also listed in Table 
2 the El/2y,"!’s values characterizing the activity of the 
inert solvent, This parameter is in a way equivalent to 
Hildebrand's solubility parameter [2]. 


Making use of the linearity we find thatE, = 5.9 kcal/ 
moleandE.. = 24,9 kcal/mole, The great difference between 
these parameters is responsible for the great dependence of 
the reaction rates on medium. 
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* Calculated from data given in [8]. 
** Taken from Ref, [1]. 


3. Solubility. The activity coefficient of a sparsely soluble compound in a saturated solution is equal 
to the reciprocal of its mole fraction, =1/ Ny. Acc Si to it (1) one would expect for nonelectrolytes 
the linear relationship between YRT in (a/ Ny) and af 2(V,/ v,}/ 3 to hold, and the slope to be 45°, The 


solubility of glycine (Fig. 2) confirms this deduction, In the case of CHs;COOAg (Fig.?) and Sata other elec- 
trolytes there is also a distinct relationship between the solubility and parameter E, 2 ay 


We wish to thank Corresponding Member Acad, Sci. USSR V. V. Voevodskii for his comments on this work, 
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TABLE 2 
Nonspecific Molecular Interaction Energies in Pure Liquids at 25°C. 


ai/Vil i, |ai/Ni, vi, 


i 
Liquid keal heal? Liquid 1] kcal 
cm-mole 
cm-mole 


% 


oo 


> 

t 


Water 
Formic acid 


Fy 
Glycerin 
Formamide 
Ethylene glycol 
Methyl altéhol 
Nitromethane 

alcoho 
nfmonia 


proplona- 
mide yh Prep 
tert-Butyl alcohol 
me 


feet Butyl chloride 
Diaxane 


SANNA 
| 
ano 


= 

2335 
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ELECTRON DIFFRACTION STUDY OF THE STRUCTURE 
OF THE BORON SULFIDE MOLECULE 


P. A. Akishin and V. P. Spiridonov 
M. V. Lomonosoy State University, Moscow 


(Presented by Academician V, N. Kondrat'ev, July 16, 1959) 


The aim of the present work was to determine the configuration and geometrical parameters of the mo- 
lecules of boron sulfide BS, in the vapor state, The work was carried out using the electron diffraction appara- 
tus which has been designed in the Moscow State University for studying the structure of the molecules of com- 
pounds which are difficult to volatilize; the apparatus has been described previously [1]. The boron sulfide 
specimen was prepared by the action of thoroughly purified, dry hydrogen sulfide on amorphous boron [2]. The 
material was purified by vacuum distillation , It was then loaded into an ampoule in a dry chamber, Before 
the electron diffraction patterns were recorded the boron sulfide in the molybdenum ampoule of the evaporator 
was remelted and degassed for a considerable time in a high vacuum directly inside the electron diffraction 
apparatus, The electron diffraction patterns of the BgS, vapor were recorded at atemperature of ~ 800-900", 
with and without the rotating sector, with varying exposures (from 10 seconds to 2 minutes), on diapositive photo- 
graphic plates covered with a thin layer of black ink (to act as protection against the light radiated by the evap- 
orator) which was washed off before development. 10 series of electron diffraction patterns (2 using the rotating 
sector) were obtained, at electron wavelengths varying from 0,0402 to 0.0573 A in the different experiments. 
The intensity of the scattered electrons was estimated visually. The electron diffraction patterns were studied 
by the version of the radial-distribution method described by Karle and Karle [3-5] and also by the method of 
successive approximations [6]. A detailed description of the method of working and the examination of the 
electron diffraction patterns has been given in previous papers from our laboratory [1, 7]. The curve for the 
radial distribution D(r) constructed from the experimental data (Fig. 1) has three clearly defined peaks at 
r= 1.73, 3.46 and 5,15 A, together with less well-defined peaks in the region of 2,70 and 4,10 A, which overlap 
the main peaks, The initial region of the intensity curve, which cannot be studied experimentally, was extra- 
polated by means of the theoretical curve for the structural element -S-B=S with values; r1(B-S) = 1.81 A, 
1(B=S) = 1.65 A and 1(S...S) = 3.46 A, since these three terms of the intensity function make the greatest con- 
tribution to the scattering of the BS, molecule, 


From structural chemical theory, the most probable con- 
figurations for BySs are: a bipyramid (the three sulfur atoms 
forming a regular triangle with the two boron atoms situated on 


either side of the plane of the triangle, at equal distances from 
it), and a planar angular molecule of the type 
it (2) (3) 


i 
S(a) S(5) 


ret 


Fig.1. Radial distribution curve for the 
molecule, 
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Analysis of the D(r) curve shows clearly that the bipyramidal 
model for ByS, is inapplicable. The two most distinct peaks on the 

I6) ft radial-distribution curve would have to be interpreted as the distances 
B-S = 1.73 A and S-S = 3.46 A. It is impossible, however, to construct 

a bipyramid with these parameters, since the second distance is double 
the first. In addition, when the bipyramidal model is chosen, it is im- 
possible to interpret the other peaks in the D(r) curve, and a considerable 


discrepancy is observed between the calculated and experimental values 
for the ratio of the peak areas, 


2 


In discussing the planar angular model, we have interpreted the 
radial-distribution curve as follows; the 1st peak at r = 1.73 A is due to 
the superposition of the two distances B 2) -Siy) and B(»)= S (4) which 
are similar in magnitude and cannot be separated; the 2nd peak at 


4 
r = 3.46 A corresponds to the distance Sy )..S( 4) between the sulfur 
5 atoms linked to the same boron atom; tne 3rd peak at r = 5.15 A cor- 
respond to the S(4)*+*S( 5) distance; and the peaks in the region of 
I~2.70 A andr ~ 4.10 A correspond to the interatomic distances 
h \ 


and Big) 4)tespectively. The ratio of the areas of the 
two peaks on the D(r) curve atr = 1.73 A andr = 3.46 A is equal to 
1.5, while the theoretical ratio for the model under consideration is 
Exp. 1.3. This allocation of the peaks on the D(r) curve corresponds to a 

B-S~-B angle of approximately 96°, Since the valuer = 3.46 A for the 
peak corresponding to the § (1)...8(4) distance is double the value 

nl ! ow r= 1.73 A for the peak corresponding to the superposition of the similar 

5 Bra yS (4) and Br, y= )* distances, the data from the D(r) curve 
Fig. 2. Comparison of the theoretic- show that the S-B=S group is linear, Thus the planar angular model 


al intensity curves for various BeS, for the ByS, molecule shows good agreement with the radial distribution 
models with the experimental curve. curve, 


We shall next consider the results obtained by the method of successive approximations, Figure 2 gives 
the theoretical intensity curve 1, constructed for the bipyramidal B,Ss model with parameters; (B-S)= 1.80 A, 
ZS-B-S = 84° and ZB-S-B = 78°; it can be seen that this curve does not agree with the experimental curve. 
The following BgSs models were also rejected; a) a tetragonal pyramid with base formed by a quadrilateral of 
alternating boron and sulfur atoms, with a sulfur atom at the apex (Fig.2,2); b) planar models (Fig.2,3,4) of the 
type S=By 5 yB and S=B-B Ng ° Figure 2 shows that curves 2-4 do not agree with the experimental 
curve, We can also see that the interatomic distances for models of these types do not agree with the data ob- 
tained from the radialdistribution curve, Figure 2(5)gives the theoretical I (s) curve for the planar angular 
model with parameters: )- Sy)]= 1.81 [Bi2) = S(4)] = 1.65 A and B-S-B angle equal to 96°. 
This curve shows satisfactory agreement with the experimental curve, The outer side of the second maximum 

on this curve, however, shows two intensity steps; the seventh maximum has an asymmetric contour, and the 
ninth maximum is smoothed out, which is not observed in the experimental curve. Complete agreement between 


the theoretical and experimental curves can be obtained if it is assumed that the contribution to the scattering 
from the interatomic distances y Bis 4) and 


455 ) is less than expected for a rigid molecule, 
For the BySz model under consideration, it is natural to assume considerable deformational vibrations of the va- 
lence angle of the central sulfur atom, Unfortunately, exact calculation of the amplitudes of vibration of the 


atoms in the B2S3 molecule is at present impossible, since there are no experimental data on the vibrational fre- 
quencies of this molecule, 


earlier [3]; 


We therefore used the D(r) curve to calculate the effective values, as: described 
these values are proportional to the mean squared amplitudes of vibration of the pairs of atoms under 


*The number of interatomic distances of each of these types in the BgS, model under consideration is the same, 
so that the value r= 1.73 A is equal to half the sum of the Bey 8,4) and Rey S (4) distances. 
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< B-SB= 96 + 5°, 


spectroscopic data [8]. 


TABLE 1 


consideration, which were then used to calculate the theoretical intensity curve (Fig. 2,6), and it can be seen 
that good agreement is obtained with the experimental curve, The values of S..,,, for Curve 6 are compared 
with the values of sexy, in Table 1, The error in the value of the B-S~-B angle was found by the method of suc- 
cessive approximations, Thus the electron diffraction data which we have obtained for the structure of the boron 
sulfide molecule are best satisfied by a planar angular molecule with linear arrangement of the bonds formed by 
the boron atoms, and the following values for the parameters; r(B-S) = 1.81 +0.02 A; 1(B=S) = 1.65 + 0.03 A; 


It should be mentioned that the r(B=S) = 1.65 A which we have found for the B.S, molecule is close to the 
interatomic distance in the diatomic BS molecule (1,62 A), calculated from the value of the constant B, from 


Results of the Analysis of the Electron Diffraction Patterns for BS, 


Stheor 
Sexp 


(0,832) 
(0,965) 
4,040 


1,009 
1,013 
1,017 
0,997 
1,000: 
1,005 
1,005 
0,985 
0,987 
0,991 
0,999 
0,993 
0,994 
0,996 


Max. Min, J (s) Stheor Sexp 
4 —2 4,83 2,20) 
2 —25 3,03 3,14) 
2 +20 4,07 4,03 
3 (4,93) 
3 (5,81) 
4 —10 6,82 6,76 
4 +10 7,82 y Fe 
5 —{ 8,77 8,62 
5 +1 9,54 9,54 
6 —6 10,44 10,44 
6 +6 41,41 41,35 
7 —1,5 42,31 42,25 
7 +1,5 13,03 43,23 
8 —4 14,03 44,24 
8 +4 15,04 15,18 
9 —2 16,03 16,04 
9 +2 16,83 16,95 
10 +2 18,72 18,79 
Mean value 
Mean deviation 
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A STUDY OF ELECTRODE PROCESSES ON AN INDIUM AMALGAM 
USING RADIOACTIVE TRACERS 


G. M. Budov and V. V. Losev 


Institute of Electrochemistry Academy of Sciences, USSR 
L. Ya. Karpov Physicochemical Scientific Research Institute 


(Presented by Academician A. N. Frumkin, May 12, 1959) 


Measurement of exchange currents and determination of transfer coefficients are at present used extensively 
as methods for examining the kinetics of the processes of anodic dissolutionand the electrodeposition of metals. 
For the same purpose, use may also be made of a method based on a combination of electrochemical and radio- 
chemical measurements. This method makes it possible to isolate one of the interconnected electrode processes 
and to study the relationship between its rate and the potential, in the equilibrium-potential range and under con- 
ditions where the corresponding reverse process predominates [1]. This method has been used to study the rela- 
tionship between the rate of the anodic process of zinc amalgam dissolution and the potential [1,2]. * We have 
considered it of interest to use the method to examine the regular features governing the electrode processes at 
a metal amalgam, with as low an exchange current as possible, in order to avoid the necessity of adding a surface- 
active agent. We have chosen indium amalgam, since according to polarographic data [4,5], the discharge of 


indium ions (in the absence of activating anions) gives irreversible waves, and it may be assumed that the ex- 
change currents are small, 


The work was carried out using the method previously described [1-3], with several improvements: in 
particular, a magnetic stirrer was added to the cell to agitate the amalgam and solution (400 rev/min), The 
radioactive isotope In was used for the radiochemical measurements, 


We have studied the relationship between the rate of the true anodic process (i,) and the potential at 
20.0  0,1°, at indium amalgam concentrations of 0,002-0.9 M, in solutions of 0.0004-0.03 M In(ClO,4), 
+0.01 M HClO, containing added NaClO, to give a constant ionic strength (3M). Figure 1 shows the relation- 
ship between the rate of the true anodic process i, and the potential, together with the ordinary polarization 
curves recorded with respect to current. It is clear from Fig. 1 that a linear relationship is observed between 
the potential and log i,. In addition to the curve for the anodic process, corresponding to constant In(C10,)s 
concentration (0.03 M), Fig. 1 also gives values for the exchange current ig at the equilibrium potentials ¢, 
for other In(C1lO,4)g concentrations, at constant amalgam concentration (0.1 M). It can be seen that the values 
of ig, measured at different indium ion concentrations in the solution, lie, with a fair degree of accuracy, on 
the straight line for the anodic process, recorded at the same amalgam concentration, Thus the rate of the 
anodic processs is independent of the In(C10,), concentration, This result also shows that the gradient of the 
anodic (¢, logi,) curve, from which the transfer coefficient 6B is determined as usual, using the relationship 


*To eliminate the influence of concentration polarization, the exchange current was deliberately reduced by 
adding a surface-active agent — tetrabutyl ammonium sulfate. When this additive is not present, the exchange 


rate is so high that the exchange currents can only be measured at different concentrations of zinc in the amalgam 
and solution [3]. 
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Fig.l. True anodic curve (1), polarization 
curves (2) for Cg = 0.1 M, C, = 0.03 M, and 
exchange currents for various In(ClO,), con- 
centrations (0,0004-0,03 M) and Cc, = 0.1M. 
a) Exchange current, b) rate of true anodic 


process i,. 
~2350 
~1200 
“5 77 


Fig. 2, True anodic curves for different 
amalgam concentrations 1) 0.002 M, 2) 
0.0075 M, 3) 0.025 M, 4) 0.1 M, 5)0.3M, 
6) 0.9MIn andC, = 0,01 M In(ClO,)s. 


ceding the discharge of the indium ions. 


a /n 
the relationship ip = kC, / Cg B/n 


using the Nernst equation, 


*In the determination of the transfer coefficients from the gradient of the straight line (Ye, log ig) , we may use 
the equations (0 Ye /a log nc, = 2.3RT/BF and (a¢,/ log ip)c “- 2.3RT/xF, which are readily obtained from the 


b, = 09/0 lg i, = 2.3RT/BFe coincides with the gradient of 
the curve with coordinates (¢e, log iy)*. Thus determination 
of the transfer coefficient by the two methods gives identical 
results, as was to be expected under conditions where the rate 


of the electrode process is determined by the discharge -ioniza- 
tion stage, 


The relationship between the rate of the true anodic 
process and the potential, at different amalgam concentrations, 
is shown in Fig. 2, With increase in the amalgam concentra - 
tion, the anodic curves are shifted towards more negative values 
while the gradient remains unchanged and amounts to b, = 
= 0.0265 v, which corresponds to the transfer coefficient 
B = 2.3RT/b,F = 2.20 + 0.07. The quantitative relationship 
between i, and the amalgam concentration at constant po- 
tential may be estimated from the dotted line in Fig. 2 at 
yg =-0,250 v; the points of intersection of the anodic curves 
with this straight line give the values of i, at constant poten- 
tial. The relationship, found in this way, between the rate of 


the anodic process ig and the amalgam concentration, is 
linear, 


We have determined the transfer coefficient a using 
the data for the relationship between the exchange current and 
the equilibrium potential at different amalgam concentrations 
and constant indium concentration in the solution, which are 
shown in Fig. 3, together with the curve for the true anodic 
process and the corresponding polarization curves for the same 
solution and 0.3 M amalgam, The relationship between Ye 
and log ig is linear, with gradient 0.064 v,so that 
= 2.3RT /F log = 9-91 +0.02.. The results of the 
measurement of the exchange current at different temperatures 
(6-60°) show that the relationship between log iy and 1/T is 
linear; the activation energy is 13.4 kcal. 


Figure 1 shows that at a sufficient distance from the equilibrium potential in a positive direction, the 
values of i, recorded by the radiochemical method coincide with the anodic polarization curve recorded with 
respect to current, Generally speaking, we should expect the same agreement between the true cathodic curve 
(recorded with respect to values of the exchange current at different values of C, and constant C,) and the cath- 
odic polarization curve, recorded with respect to current, at a sufficient distance from the equilibrium potential 
in a negative direction, As can be seen from Fig. 3, however, these curves diverge considerably, and the grad- 
ient of the cathodic polarization curve is several times greater than the gradient of the true cathodic curve, and 
amounts to approximately 500 my, It is evident that the polarization curve, recorded with respect to current at 
an appreciable distance in a negative direction from the equilibrium potential, does not correspond to the rate of 
the stage involving discharge of the indium cations, At the same time it can readily be seen that the nature of 
this curve is not determined by the process of indium ion transfer to the solution. In fact, when Nal (0.05 M) is 
added to the solution, the cathodic current increases sharply, and, in accordance with the literature data [4,5], a 
clearly defined cathodic diffusion limiting current (~10-? a/cm?) is observed, At sufficiently high polarizations, 
the cathodic curve, recorded with respect to current, evidently reflects the presence of some chemical stage pre- 


[3] (Cg andC, are the concentrations of metal in the amalgam and solution) 
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The results which we have obtained may be expressed 

‘ by the equation i, = k [In] » where 6=2,2, Taking 
account of the fact that the relationship between the logar- 


Bn ithm of the exchange current and the amalgam potential at 
constant C, (Fig.3) is linear, and that the sum of aand B 
ob is close to 3, i.e, to the total number of electrons taking 
~4350 2 ge oe part in the electrode process, it may be concluded that un- 
} der our conditions, the rate of the electrode process is de- 
termined by the stage involving the ionization and discharge 
poe at J of indium ions, As in the case of oxidation —reduction re- 
“0250 2A actions in solution, the simultaneous removal of several 
electrons in electrode processes is less probable than the 
-5 step-wise removal of electrons, where only one electron 
Fig. 3, True anodic curve (1) and polarization takes peat mesen uate stage [6,7]. Thus, ie example, in 
curves (2) for Cq = 0.3 M, C, = 0,01 M, and the the anodic dissolution of metels, where the final stable 
(2), ded with respect products are multi-charged cations, it is that ca- 
to the exchange current, for different amalgam tions of inioie valuos are produced as intermediate species. 
concentrations (0,002-0.9 M). a) Exchange In particular, it may be assumed that the process of anodic 


dissolution of indium involves the three one-electron pro- 
cesses: In +In*+e, +e, andIn*+— In** + et 


current, b) rate of true anodic process i,. 


Since the ( ¢, log i,) curve for the true anodic pro- 
cess remains linear in the equilibrium potential range, the value of the exchange current of one of the successive 
stages must be much less than the value of the exchange currents of the other stages [1,11], so that it may be 
assumed that one of the successive stages is a nonequilibrium process, and that its rate determines the rate of 
the total process, while the two remaining stages are equilibrium processes, The most probable assumption is 
that the stages involving the removal of the first and second electrons are equilibrium stages [12], and that the 
rate of theoverall process is determined by the rate of the last stage: ig = k' [In?+ Je 8'F? RT, Taking account 
of the equjlibrium conditions of the first two stages = K [InJeF ? RT, we obtain ig = k" [InJe(?+ B°FY/RT 
= k" [InJe F?/RT where B = 2+ For the cathodic process, we find that i, = 
Consequently, if the rate of the overall process is in fact determined by the rate of the stage In?*+ In3* + e, we 
should observe the conditions B > a and B> 2(since a+ B = 3), which agrees with experiment, The 
assumption that the first stage is the limiting stage leads to the relationships a> B and a@ > 2, while the 
second stage gives a> 1 and B > 1, which are contradictory to the experimental data, 


In the case of zinc amalgam, we have previously found the values a = 0.52 and B = 1.40 [3], and on 
the basis of analogous arguments we have concluded that the rate of the overall electrode process was determined 
by the stage Znt > Zn** + e [1,2]. It is interesting to note that this large difference between the values of the 
transfer coefficients is also obtained for the majority of other electrode processes of the type M-* M2" + 2e at 
metal electrodes.“ * The difference between the transfer coefficients in these cases is again evidently explained 
by the fact that the rate of the over-all process is determined by that of the stage Mt > M** + e, so that the 
experimental values of the coefficient B differ from the true values of the transfer coefficient corresponding to 
the limiting stage of the process, as a result of the influence of the preceding equilibrium stage M #M*+ e, 
as has been shown above in detail for the case of indium amalgam. This assumption is confirmed by the fact 


* The results of the study of the oxidation — reduction potentials and the reducing properties of the systern In—In** 
indicate that this system contains In’ ions [8] and also, apparently, In?* ions [9]. The anodic polishing of indium 
in perchlorate solutions containing C,H;O0H or CHgCOOH is also accompanied by the formation of In* ions [10]. 
**It is clear from these relationships that, of the transfer coefficients oa and B determined by experiment, in 
this case only a does in fact characterize the limiting stage of the electrode process, while the coefficient 6B‘ 
corresponding to the ionization stage, can be obtained from the experimental data only using the relationship 
B*=8 - 2[2). 

***For cadmium amalgam [13], 6B =1.66 and a = 0.42; for nickel [14, 15], « varies between 0,32 and 0.70; 
for cobalt [16], « = 0,82; and for copper [17], a = 0.50 and 6 = 1.40 (the values of and B have been re- 
calculated in accordance with the normalization a+B = 2). 


| 
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that for one-electron oxidation — reduction electrode processes, the values of a and B, as a rule, are much 
closer to one another than for two-electron processes.* On the other hand, it has been proved in recent years 
that the anodic dissolution of a number of metals (8, 10, 19, 20] and the discharge of certain cations [21-23] lead 
to the formation of cations of intermediate valence, This is also in accordance with our conclusion regarding the 
step-wise nature of the processes of metal dissolution and ionization, 


We have to express our gratitude to Academician A. N. Frumkin for valuable advice during discussion of 
the present work, 
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THE DIELECTRIC PERMEABILITY AND DIPOLE MOMENTS 
OF CERTAIN ORGANOSILICON COMPOUNDS 


A. A. Gundyrev, N. S. Nametkin, G. M. Panchenkov 
and Academician A. V. Topchiev 


I. M. Gubkin Moscow Oil, Chemical, and Gas Industry Institute 


Dielectric permeability, An apparatus operating by the beat method at a frequency of 795 ° 10° cps was 
used to measure the dielectric permeability of fifteen organosilicon compounds; hexaalkyl derivatives of di- 
silanemethane, disilaneethane, disiloxane and linear polyethylsiloxanes, All the measurements were carried out 
at a temperature of 25 + 0,05°, The dielectric permeability was measured with an accuracy of 0,02%, The 
results of the measurements are given in Table 1. 


From the data given in Table 1 it is evident that the dielectric constants of the hexaalkyl derivatives of 
disilylmethane and disilylethane increase within each series from the hexamethyl to the corresponding hexabutyl 
derivative, the greatest change taking place on passing from the hexamethyl to the hexaethyl derivative, Com- 
parison of the dielectric constants of compounds of these two series, having identical alkyl radicals, shows that 
they are very nearly the same, 


Table 1 also gives the value of the dielectric permeability of hexamethyldisiloxane obtained by us ear- 
lier {1]. This value shows good agreement with literature data [2]. The dielectric permeability of the hexa- 
alkyl derivatives of disiloxane does not change regularly with increase in the molecular weight of the compounds, 
Hexamethyldisiloxane has the lowest value, after which, in order of increasing dielectric permeability, the com- 
pounds of this series are arranged in the sequence; hexabutyl-, hexapropyl- and hexaethyldisiloxane, It is interest- 


ing to note that the compounds of this series fall in the same sequence when arranged in order of increasing den- 
sity d", [3]. 


Dipole moments, The dipole moments of all the compounds listed in Table 1 were calculated by Hedes- 
trand's method [4] from the measured values of the dielectric permeability, density and refractive index of 
dilute solutions of these compounds in n-hexane, The results of the measurements for different concentrations 
of dissolved substance are given in Table 2, The concentrations (C) are expressed in mole fractions. 


The dipole moments were calculatedusing the formula: 


= 0,012813- 1078 Po, -T, 


where is the dipole moment, P,, is the orientation polarization and T is the absolute temperature, 
TABLE 1 


Dielectric Permeability of Hexaalkyl Derivatives of Disilanemethane, Disilaneethane 
and Linear Polyethylsiloxanes at 25° 


Compound Compound 


(CH,),SiCH,Si(CH,), 2, (CH,),SiOSi(CH,)5 2,1719 
(C,H, )SiOSi(CyH,)s 235592 
(CsH;),SiOSi(C.H,), 2,2085 
(CH,),SiCHCH,Si(CH,), 2°40: (CoH, (CeHy)2SiO 2.4424 
(CaH,),SiC 272044 (CH, )gSiO] (CoH,),SiO 2" 4623 
2.2473 2) 418 
2, 2990 (CzHs)sSiO| 2,5010 


at 
(1) 
ia 
£25 
= 
1119 


TABLE 2 


The Dielectric Permeability « , Density d and Refractive Index n,. of Solutions 
of Hexaalkyl Derivatives of Disilanemethane, Disilaneethane and Linear Poly- 
ethylsiloxanes in n-Hexane at 25° 


Hexaalkyl derivatives Hexaalkyl derivatives : 
of of Linear polyethylsiloxanes 


0 1,8854 0,6549 41,3724 0 1,8854 | 0,6549 | 1,3724 0 t. 0,6549 
0,0214 1, 8963 0.6593 1,3745 | 0.0197 | 1.8948 | 0.6583 | 1.3741 | 0,0193 | 1,93 0,6832 
0,0378 1, 9021 0.6624 1,3761 | 0,0359 | 1,90:2 | 0,6610 | 1.3755 | 0,0354 | 1, 0,7029 
0,0513 1, 9061 0, 6651 1,3774 | 0,0501 | 1,9066 | 0,6633 | 1,3765 | 0,0503 | 1,9981 | 0,7160 


Hexaethyldisilanemethane Hexaethyldisilaneethane Hexadecaethyiheptasilo-« 


0 1,8854 0.6549 1,3724 1,8854 | 0,65 1,3724 0 1,8854 | 0, 1,3724 
0,0209 1,9050 0,6635 1,3768 | 1,9075 1,3769 | 0.0189 | 1,9455 | 0. 1,3808 
0,0357 1,9164 0,662 1,3797 | 1.9140 1,3798 | 0,0325 | 1,9944 108 1,3853 
0,0513 1,9247 0,6747 1,3825 é 1,9297 | 0,6754 | 1,329 A 2.0229 | 0,72: 1,3900 


Hexapropyldisilanemethane | Hexapropyldisilaneethane decylethyloctasilo- 


0 1,8854 0,6549 1,37°4 0 1,8854 | 0,6549 | 1,3724 0 1,8854 
0,0203 1,9054 0,6657 1,3780 | 0,0201 | 1,9086 | 0.6657 | 1,3784 0193 | 1,9554 
0,0361 1,9197 0,6730 1,3819 | 0,03855 | 1,9228.] 0.6783 | 1,3823 1, 9.86 
0,0509 1 ,9316 0,6797 1,3553 | 0,0497 | 1,9389 | 0,6801 | 1,3858 | 0, 2.0368 


Hexabutyldisilanemethane Hexabutyldisilaneethane| Eicosethylnonasiloxane 


0 1,8854 0,6549 41,3724 0 1,8854 | 0,6549 | 1,3724 
0,0197 1, 9092 0.6681 1 ,3787 O19 -3796 | 0,0188 | 1,9614 | 0,6948 | 1,3835 
0,0351 1 ,3889 

1 ,3963 


1,9273 0,6772 1,3840 0,0320 | 2,0087 | 0,7187 
00497 1,9435 0,6854 1, 3883 | 0,0457 | 2,0448 | 0,7384 


In the calculation of the dipole moments, the deformational polarization was taken as equal to the molar 
refraction, 


Table 3 gives the values obtained for the dipole moments of the hexaalky! derivatives of disilanemethane, 
disilaneethane and linear polyethylsiloxanes, together with the values for the dipole moments of hexaalkyl 
derivatives of disiloxane calculated by us earlier [1]. Of the compounds listed in Table 3, literature data on the 
dipole moments are available only for hexamethyl- and hexaethyldisiloxane, The dipole moment of hexamethyl- 
disiloxane, measured in benzene, was found to be equal to 0.80 debye [5]. According to other data [6], the 
dipole moment for this compound, again measured in benzene, is equal to 0.79 debye. These values are in 
good agreement with the dipole moment of hexamethyldisiloxane as measured by us in n-hexane, namely 0.78 
debye [1]. In order to obtain a more complete comparison of our data with the literature data, we have measured 
the dipole moment of hexamethyldisiloxane in benzene at 25°. The value found was 0,78 debye, i.e.,the same 
as in n-hexane, The value given for the dipole moment of hexaethyldisiloxane, measured in carbon tetrachlor- 


ide at 24,2°, is 0.63 + 0.01 debye [7]. This value is also in good agreement with the value of the dipole moment 
which we have obtained, namely, 0.66 debye, 


The values for the dipole moments given in Table 3 show that all the hexaalkyl derivatives of disilane- 
methane and disilaneethane have practically identical dipole moments, the average value being 0.57 debye. 
Thus the valué of the dipole moment of these compounds is not affected by the length of the main chain of 
the molecule or by the nature of the alkyl radicals joined to the silicon atom. On the other hand, the hexa- 
alkyl derivatives of disiloxane show a decrease in the value of the dipole moment for compounds containing 
ethyl, propyl and butyl radicals, compared with the compounds containing methyl radicals, In the series of 
_ polyethylsiloxanes (C,Hs)gSiO[(C2Hs)ySiO},,Si (CzHs)g , the dipole moments increase with increase in the mo- 
lecular weight of the compounds, Examination of the relationship between the values of the dipole moment yp 


for the compounds of this series and the number of oxygen atoms in the molecule has shown that it is given by 
our empirical equation 


1,3724 
1,3798 
a 113854 
1,3886 
| 0,6549 | 1,3724 
1.6916 | 153827 
0.7135 | 173490 
0.7338 | 1'3040 
1120 


= 0,63 Va+l, 


(2) 


where n + 1 is the number of oxygen atoms in the molecule of the linear polyethylsiloxane, Table 3 gives the 


_ values of the dipole moments of the linear polyethylsiloxanes, calculated using Eq. (2). These values are in 
good agreement with the dipole moment values found from Eq. (1), with the exception of the dipole moment 
for hexaethyldisiloxane, which differs slightly from the value found by us from Eq. (1), but which agrees with 


the literature data [7]. 


TABLE 3 


Dipole Moments of Hexaalkyl Derivatives of Disilanemethane, Disilaneethane, 
Disiloxane and Linear Polyethylsiloxanes 


Compound 


| 


calc,  |calc. fro 
from Eq.|Eq. (2) 


Compound 


|m*10 
calc. |calc. from 
fromEqj Eq. (2) 
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CH,),SiCH,Si(CH 
,SiCH,s 
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THE ROLE OF DIFFUSION IN ELEKTROKINETIC PHENOMENA 
THE DIFFUSION THEORY OF THE DORN EFFECT 
(THE POTENTIAL OF MOVING PARTICLES) 


Corresponding Member Acad, Sci 
and S. Dukhin 


- USSR B. V. Deryagin 


Physical Chemistry Institute, Academy of Sciences, USSR 


In the theory of electrokinetic phenomena for solid surfaces of separation, it is usual, when taking account 
of the viscosity and electrical conductivity, to ignore the diffusion of ions under the influence of the concentra - 
tion gradients which may be produced, In a number of our works [1], however, it has been shown that the elec- 
trical field of a moving bubble or drop is due chiefly to the difference in the diffusion coefficients of the anions 
and cations, and is independent of the ¢€-potential. These phenomena would rationally be called diffusion — 


~electrokinetic phenomena,to distinguish them from electrokinetic phenomena at solid surfaces, if the mechanism 
of the latter phenomena were independent of diffusion processes, 


In fact, however, this is not the case, and consideration of diffusion phenomena in the calculation of the 


values from the classical formulae often introduces corrections which are of the same order of magnitude as the 
values themselves, 


In the present article we consider the role of diffusion in the Dorn effect. We shall consider the case of 
an immobile, solid, nonconducting sphere of radius a, washed by a flow of solution of a binary electrolyte with 
ions of charges z* and z” , concentrations c* and c” , and diffusion coefficients Dt and D™. Assuming as a first 
approximation the electrical neutrality condition 

=0 (1) 


in the bulk of the electrolyte (the justification for this assumption may be confirmed a posteriori), we can express 
ct andc™ in terms of the concentration of electrolyte, c mole/ cc : 


Core, (2) 


The tangential stress which arises next to each point on the surface produces, in the boundary layer, a flow 
of definite rate gradient (dv /ar) = w(8), which is a function of the polar angle @ in the system of polar coordi- 


nates with axis directed in the opposite direction to that of the current, This flow causes convective surface flow 
of ions equal to 


co co 
Pw \ v4 (0, x) (x)dx, \ (0, x) (x)dx, 
0 
where x_ is the distance from the "glide plane®, v, (6, x) is the tangential component of the rate close to the 
latter, and y* (x) and y~ (x) are the excess concentrations of the corresponding ions in the diffusion layer by 
comparison with the concentrations in the bulk, i.e,,quantities which make up the adsorption increase in the 
concentration of these ions, We assume that the rates of liquid and ion flow are so small that we can use the 
equilibrium values of y*(x) and y “(x), i.e..we may assume that the structure of the diffusion layer remains in- 
tact. If we neglect the difference between the value of the viscosity in the double layer and its value in the 


0 


> 
A 
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bulk, then v,(@,x) is equal to xw(@), and since for Stokes flow, to which we restrict ourselves, w(8 ) = 


* sin@, we may, instead of (3), write: 


3U 
[+ = §* sin 0, 


where U is the flow rate at infinity, 


4 co 
= yt (x) x dx. (5) 
0 


In the phenomenological discussion, the values of & * must be regarded as empirical constants related 
to the &-potential by the relationship 


0 
where F is the Faraday, ¢* and €~ are the cationic and anionic components of the zeta-potential, € is the 
moment of the double layer in "helmholtz” units (according to Guggenheim [2]), € is the dielectric constant 


and y = ¢ (x) is the potential in the double layer, An important feature is that the constants & sd may differ 
considerably in magnitude, 


Since the surface ion currents are dependent on 0, their surface divergencies differ from zero, so that 
for stationary conditions the following continuity boundary conditions must be satisfied: 


3U Oct F 
div, = — cos 9 — pp (7) 


/a 


where E, is the radial component of the electrical field, From this, taking account of condition (1), we obtain, 
by eliminating (E,),, the relationship 


3U 
tt +- cos 0 = (2* +2) (9) 


Neglecting the surface conductivity, and also the surface diffusion, we find the surface convection current 
from the formula 


3 


= F (2*]* = —&) sin 9. (10) 


The boundary continuity equation for the charges will be 


3FU 
div, J = —&) cos 0 = i, 


where i, is the component of the total current density in the bulk normal to the surface, 


Our treatment differs from the usual treatment [4], which erroneously takes account only of the continuity 
equation for the charges, in that we have taken account of the continuity equations for the two types of ion 
separately [so that Eq. (11) is not now an independent condition — it follows from Eqs. (7) and (8)]. 


In the same way we also take account of the continuity equations separately for the two types of fon in the 
bulk: 


3 Um 

(4) 

E+ : 

tq 
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D* Act + div (ctE) = vgrad c*, 
D- — D-z div (cE) = vgradc, (13) 
where E is the vector of the electrical field intensity in the bulk. 
From this, taking account of Eq. (2), we have; 


D,.Ac = v gradc, 


D+ (z+ 


where D, = 


is the effective diffusion coefficient. 


At the same time the continuity equation for the charges should be fulfilled; it follows from Eqs. (12 and 
(13): 


divi=0. (15) 


Eq. (15) together with the boundary condition (11) determines the current field, At the same time, as 
follows [1] from (12) and (13), the total current should have the form i-=c grad ¥ (r 6), In our case, where 


the rates are low, we may take an approximation and regard c_ as a constant which is close to the concentration 
Cy at infinity, so that i= grad 


The “current potential" p ‘(r, 8) may be determined from the equation 
Ay’ = 0 


with the boundary condition 


—3FU 


The equation for convective diffusion (14), together with the boundary condition (9), determines the concentra- 
tion field, 


The problem of finding c_ is simplified considerably when not only the Reynolds criterion, but also the 
Peclet criterion, are small, so that instead of Eq. (14) we may take the equation 


Ac = 0. 
In this case the concentration field has the form: 


(18) 


D*D- (z* + 27) 


cos 9. (19) 


In analogous fashion,the potential field of the total current, ¢*, has the form: 


3FU,,a 
r? 


cos 0. (20) 


Taking account of the fact that the ion transfer responsible for the total current results partly from migration in 
the electrical field E with potential ¢, and partly from diffusion, we may write® 


= (2*D* + 2-D-) cgrad + (D* — grade, 


from which, by integration, we obtain 


* This equation can also be derived [3] from Eqs. (12) and (13), 


(14) 

(16) 

a 

gra 

3 

7 
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» 
: 

Se 


Substituting the values for(c - co) and ¥' from (19) and (20), and introducing the specific conductance kK, 
we obtain, finally: 


(22) 


Taking account of the relationship (6), we see that the expression obtained for ¢ coincides with the classic- 
al equation, first obtained by M. Smoluchowski *; 


3 U,,aet 


(23) 


when, and only when, Dt = D™ = Deg. Only in this case is it possible to find ¢ from the observed value of ¢. 
In the general case, the measured values of ¢ cannot be used to determine separately € or €+ and €~, but 
only to determine a combination of these, which also depends on the ratio of the cation and anion mobilities, 
The total information regarding & can be obtained in two ways, 


Firstly, 4t may be assumed that the coefficient corresponding to the side fons —say & — is small by com- 
parison with the other, € *. With this assumption* *, we obtain, from (22), 


3 U,,acos ® et 
4nx 


Since the values of D*/D~and z*/z~are known for any ions,the formula obtained by correcting (23)can be used 
calculating ¢ from a knowledge of ¢, or vice versa, The “correction” introduced is particularly high in the 
case where the side ions are heavy (D™ << D*) multi-charged ions (z~ = 3 or 4, z* = 1). In such cases, the 
uncorrected formula (23) obviously gives values of ¢ which are 4-5 times too high, and the calculation of 
€ from experimental data gives values which are 4-5 times too low. Cases are also possible where D> Dt, 
In this case we have,from (24) , the possibility of anomalous high values of gy at “normal® values of ¢, The 
calculation of & from (23) would give values which were much higher than the true values, 


Secondly, we may express —* and €~ in terms of the potential of the glide plane, using the theory of 
the double layer, and by substituting in (23), relate it unambiguously to the values of the potential g. The 
resultant calculations are cumbersome, and this procedure will be dealt with in another paper, 


Since the streaming potential in porous dielectrics at Pe =ul/D « 1,1, where u is the linear rate and 
is the length of the capillaries (after the stationary concentration field has been established) does not differ in 
principle from the potential of movement of a spherical nonconducting particle at low Peclet numbers, it can 
be seen that the formula for the first (without taking account *** of the surface conductivity) 


must be replaced by the following: 


Ag = AP Feztz 


It can be seen that in this case all that has been said aboveregarding the significance and value of the 
corrections introduced into the classical formula are again applicable, 


*M. Smoluchowski [4], however, did not take € into account, 
** Inthe case where €* « €~, the superscripts + in formula (24) must be interchanged. 
*** This will be taken into account in a subsequent paper, 
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THE VISCOSITY OF CERTAIN BINARY HYDROCARBON MIXTURES 
AND GAS CONDENSATES IN THE SUPERCRITICAL RANGE 


S. L. Zaks and V. I. Sergeevich 
(Presented by Academician P, Ya, Kochina, March 31, 1959) 


The present work is devoted to the study of the viscosity, density and compressibility of certain binary 
hydrocarbon systems whose components are present in the natural gases encountered in petroleum and gas con- 
densate deposits. A knowledge of these properties is necessary for hydrodynamic calculations of the movement 
of the gas in a porous medium. The studies were carried out at 20° and 228 atm pressure with the systems meth- 
ane-pentane, methane—hexane, methane—heptane and methane~isooctane, at different component ratios in 
each of the systems. In the systems studied, the second component (pentane, hexane, etc.) is a liquid at atmos- 
pheric pressure, but atthe experimental pressure these systems exist in a single-phase, gaseous state, 


Of the existing methods for measuring the viscosity, the one chosen was that involving a sphere rolling in 
an inclined tube, The viscosity was calculated from the empirical equation n = kT (P.-P,) (7m is the vis- 
cosity in poises, k is the viscometer constant, Tg is the time of rolling of the ball in seconds, and p, andp 
are the densities of the sphere and gassrespectively, in g/ cm’), which is applicable to the determination of the 
viscosity of liquids. The applicability of this formula is confirmed by the good agreement between our data for 
methane and the data of N.V. Meshcheryakov and I, F, Golubovy [1] obtained in the determination of the viscosity 
of methane by the capillary method, The applicability of the formula to the study of highly compressed gases 
may be explained by the fact that at the high pressure, which brings about a considerable decrease in the dis- 
tance between the molecules, the properties of the compressed gases approach the properties of liquids, To 
avoid large errors in the measurement of the time of rolling, the gap between the tube and the sphere should 
be narrower than in the determination of the viscosity of liquids, in order to increase the time of rolling . In 
our experiments, the gap was 40y, for a tube diameter of 6.4 mm, The measurement of the viscosity was 


carried out with the tube inclined at angles of 15, 30 and 45°, The arithmetic mean of the three viscosity values 
obtained was then taken. 


The dissolution of the liquid hydrocarbon in the methane was carried out in a PVT bomb, Inside the 
bomb, which consists of a high-pressure vessel, there are two pistons moved by means of glycerol, which is 
pumped into the space in the bomb behind the pistons. By decreasing the volume of the bomb, and hence in- 
creasing the pressure inside it, it is possible to bring the gas condensate mixture inside the bomb to a single- 
phase, gaseous state. This can be confirmed visually by observing the disappearance of the boundary of separa- 
tion between liquid and gas, through the glass window provided. The density p,, of the gases, which appears 

in the equation for the viscosity calculation, was determined by a hydrostatic method in a densitometer, from 
the change in length of a spring, to the end of which was suspended a graduated glass float, The construction 


of the apparatus, its calibration, the experimental procedure and the density calculation have been described 
earlier (2, 3]. 


Figure 1 gives the viscosity curves for the systems studied. They show a systematic increase in the 
viscosity of the solution with increase in the concentration and molecular weight of the second component, 
The broken curve shows the position which Curve 4 would occupy if the experiments with pentane had been 
carried out using the same methane composition as the experiments with hexane, heptane and isooctane, 
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Viscosity n-10® 


gmole% 

Concentration of second component in 
the solution 

Fig. 1. The relationship between the viscosity 
of binary hydrocarbon systems and the concen- 
tration of the second component in the solution; 
1) Methane-isooctane, 2) methane—heptane, 
3) methane—hexane, 4) methane—pentane.(The 
significance of the broken line is explained in 
the text), 
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Fig. 2, The influence of the molecular weight of 
the second component on the influence of gaseous 
solutions of identical concentration at a pressure 
of 228 atm and 20°, 


The influence of the number of hydrocarbon groups 
of the second component on the viscosity of the solutions 
studied is shown in Fig. 2. The curves show that the longer 
the hydrocarbon chain, the greater the viscosity of the so- 
lution, With increase in the concentration (Fig. 2 gives 
the curves corresponding to concentrations from 1% to 4%), 
the change in viscosity with change in molecular weight 
becomes sharper, The density data for the solutions studied 
were used to calculate the compressibility coefficients at 
228 atm and 20°, and the relationships between these quan- 
tities and the concentration are shown in Fig. 3. The 
curves show that with increase in the concentration of the 
system, the compressibility coefficients at first decrease, 
and then gradually increase. The lower the molecular 
weight of the liquid component, the more marked are 
these changes, 


Measurements were also made of the viscosity and 
density of the condenser gas obtained when methane and — 
methane —propane mixtures were passed through oil-bear- 
ing rock, compressed to 300 atm at room temperature, 
The condensate gas is formed as a result of the phenomenon 
of reverse evaporation (dissolution in the moving gas) of 
some of the components of the oil; these components con- 
dense again when the pressure is lowered to form the so- 
called condensates [4,5]. For a concentration of 50-70 g 
condensate in 1 nm? gas, the viscosity is 0.031-0.037 cp, 
and the density 0.2710-0.2945 g/cc. 


The data obtained show a considerable change in 
the viscosity and other properties of the systems studied, 
from which it follows that these changes must be taken 
into account in hydraulic calculations when planning the 
development of gas condensate deposits and deposits which 
are to be worked by the forced passage of high-pressure 
gases, 


y 


2 
Concentration of second component 


Compressibilit 
coefficient 


Fig.3. The relationship between the compres- 
sibility coefficients of gaseous solutions and 
the concentration of the second component in 
the solution at a pressure of 228 atm and 20°, 
1) Methane — hexane, 2) methane—heptane, 
3) methane—isooctane. 


LITERATURE CITED 


(1] N. V. Meshcheryakovy and I. F. Golubov, Trudy GIAP, 4, 22 (1954), 


40 
00 ee 
280 
220 
6% 
| 
- 
- 
% 
= 


(2] T.P. Zhuze and V., I. Sergeevich, Izvest. Akad, Nauk SSSR, Otdel. Tekh, Nauk, No.5, 156 (1956), 


[3] V. 1. Sergeevich, Thesis, Moscow, 1957, 
[4] S.L. Zaks, Izvest, Akad, Nauk SSSR, Otdel, Tekh, Nauk, No.9, 3 (1955), 


(5) M. A. Kapelyushnikoy, S. L. Zaks and V. F, Burmistrova, Trudy Inst. Nefti Akad. Nauk SSSR, 11, 
209 (1958). 


Received March 4, 1959, 


: 
oa 
= 
1131 


. 
| 


A STUDY OF THE OXIDATION MECHANISM OF SOME 
INORGANIC SUBSTANCES BY PERSULFATE 


V.A. Lunenok-Burmakina and Academician A. I. Brodskii 
Institute of Physical Chemistry Acad, Sci . USSR 


The oxidation by peroxide compounds can be carried out via electron transfer as well as by the transfer of 
active oxygen atoms, Both mechanisms can be distinguished by the means of isotope-labeling of the oxygen, In 
the present work a number of oxidation reactions by persulfate are studied in this manner, 


In our joint work with I, F, Franchuk [1] it has been shown that in the hydrolysis of persulfate the peroxide 
group is passed on without breakdown, forming consecutively, permonosulfuric acid and hydrogen peroxide, which 
evolves elementary oxygen on its decomposition (the stars show the labeled oxygen atoms): 


The preservation of the O—O peroxide group in the oxygen which was liberated on the decomposition of the 
water solution of hydrogen peroxide was also shown in several earlier studies (2-10). 


On the other hand, Kolthoff and Miller (11) found that the thermal decomposition of persulfate solutions 
proceeded in two different ways, depending on the acidity of environment, In neutral and alkaline solutions 


oxygen was liberated from water; this was explained by the breakdown of the peroxide group, forming SO,‘radical 
ions; 


S,0, -+ 2807 + + 2HSOT + 2HO, 
2HO' + HO + 1/202. 
In acidic solution a catalyzed Ht reaction dominated, and the O—O group didnot break down, Kolthoff and 
Miller [11] presumed that the reaction took place in stages via the intermediate formation of SO, radicals. 


However in our works [1,12] it was shown that to explain the reaction the hydrolytic splitting of the persulfate 
according to the mechanism described above [1], could be presumed with greater probability. 


The interaction of persulfate with hydrogen peroxide, The reaction of K,S,0, + HzO, > 2KHSO, + O, was 
studied by Friend [14], who proposed, on the basis of kinetic investigations, that the process took place through 
the formation of the intermediate (K,S30g) y (HzO2)x compound,the dissociation of which determined the reaction 
velocity. The course of decomposition of this intermediate product was not explained, 


We studied this reaction in the three following systems, which differed in the placing of the isotope-label: 
+ H,O, + + + + + H,6;. Equimolar weights of hydrogen peroxide and 
aqueous solution of persulfate, and in certain experiments a weighed portion of acid or alkali, indispensable for 
the formation of their 0.1N solution, were mixed in a vessel, which was then degasified with great care, herme- 
tically sealed and left at room temperature for the time of the reaction. The liberated oxygen captured for 
mass spectrometric determination of its O'* content. The isotopic analysis of the remaining substances was 
carried out as described in[1]: the hydrogen peroxide and persulfate were decomposed and the liberated oxygen 
was analyzed either directly, or after burning to CO, with degasifier coal; to facilitate the mass spectrometric 
analysis, water had previously been exchanged with carbon dioxide [14]. The oxygen of the sulfate was trans- 
ferred to CO, by roasting PbSO, with degasifier coal. 
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TABLE 1 


The O'8 content in % above the natural level. 


Expt. |Time, initial substances reaction products | Catalysts 


days 
No. Ho, | KS:0, | 1,0 O: KHSO, 


4 0,64 0,65 
40 0,64 0,61 
? —0,01 

—0,04 
—0,01 
0,01 
0,02 
—0,02 
—0,01 
—0,01 
—0,04 
0,02 


From the data in Table 1 it can be seen that the liberated oxygen has the same isotopic composition as the 
hydrogen peroxide, and that the isotopic composition of oxygen in the bisulfate corresponds to the isotopic com- 
position of the persulfate, Oxygen from the water takes no part in the reaction and is liberated solely from the 
hydrogen peroxide, During the course of the reaction the peroxide bridge of persulfate breaks down, as the alter- 
ation in acidity — unlike the thermal decompositicn of the aqueous solution of persulfate — does not change the 
mechanism. 


Oxidation of silver nitrate by persulfate. The investigation of the oxidation of silver nitrate by persulfate 
K,S,0, + 2AgNO; + 2H,O + Ag,O, + 2KHSO, + 2HNOs is interesting not only from the point of view of studying 
the course of decomposition of persulfate but also for the explanation of the debated question concerning the 
nature of silver oxide, formed in the course of the reaction, This combination is called silver peroxide and, ac - 
cording to some authors, it appears to be a true peroxide combination [15], while others regard it as the higher 
oxide of silver [16]. We added silver nitrate at 0° to the solution of labeled persulfate in “light"water, or to that 
of ordinary persulfate in water with heavy oxygen, The solution turned brown, and gradually a black residue of 
silver peroxide was precipitated from it; this was filtered, washed with a little ice-cold water and dried at room 
temperature.* The bisulfate found in the filtrate was deposited with the lead nitrate, The oxygen of the silver 
peroxide was liberated on heating the residue under yacuum to 140°. The O** content in the sulfate was deter- 
mined in the way described above, 


In the series of experiments in which the o** content of water was enriched to 0.98 %(here and further on, 
the heavy oxygen isotope content is understood to be above the natural level percentage the oxygen of silver per- 
oxyde contained 0.99 to 0.93% of 0, _Bisulfate in these experiments turned out to be the same as the persulfate, 
i.e., light (0.03 to 0.01% of O'), In the experiments with persulfate labeled with 0.60% of 0%, the oxygen of 
silver peroxide was found to be light (0.01 to 0.02% of O*), while the bisulfate was heavy (0.60 to 0.54% of 0"*), 


It follows from the data presented that the oxidation of silver takes place via an electron mechanism, so that 
the peroxide bridge is not transferred to the silver during the course of the reaction. This fact refutes one of the 
arguments of those who regarded AgO as a true peroxide compound, and it is in greater accord with the evidence 
obtained by other methods [16] that the substance called silver peroxide is not a true peroxide compound, 


The oxidation of bivalent manganous salts, On boiling the solution of bivalent manganous salts with per - 


sulfate, HyMnOg residue precipitates: MnCl, + + 3H,O = HyMnO, + 2KHSO, + 2HC1. Hydrogen peroxide 
in alkaline solution also oxidizes the bivalent manganese to tetravalent. 


* The analysis revealed that the residue obtained in this manner contained about 40% silver peroxide (the deter- 
mination was carried out by the iodometric method) [17]. The rest of the residue consisted of silver oxide and 
sulfate, 
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Solutions of persulfate and manganous salt, containing either the persulfate or the water labeled with 07, 
were mixed and boiled for 5 to 10 minutes, The precipitated residue was filtered, washed with light water and 


dried at 150°, The oxygen was liberated from it by heating to 600-700° under vacuum, In the filtrate lead sul- 
fate was deposited. 


In the experiments with labeled persulfate (0.60% of O**) the resultant H»MnOy contained the light isotopes 
(0.04 to 0.02% of O"*), while the bisulfate contained the heavy ones (from 0.60 to 0.55% of 0"), In the experi- 
ments with water, the 08 content of which had been enriched to 0.97%, the bisulfate contained the light iso- 
topes (0.03 to 0.01% of O"*), and HyMnOg, the heavy ones (0.60 to 0.65% of 0%), The fact that the oO” content 
was found to be */s less than in the initial water, can be explained by the rapid exchange of one of the oxygen 
atoms of the hydrated manganese dioxide with water during the washing of the residue, The additional experi- 
ments showed that generally only one of the three oxygen atoms of HyMnO, was exchanged, No more atoms were 
exchanged, even when the residue was boiled with water for several hours, When the hydrated manganese dioxide- 
which can be represented more correctly by the formula of MnO, + H,O * — obtained in the experiment with 
labeled water was washed, not in ordinary, but in water with heavy oxygen isotope, then its isotopic composition 
(0.91 %) hardly differed from that of the initial water, 


Thus, similarly to the previous reaction, the oxidation by persulfate proceeds,not by the transfer of oxygen 


from the peroxide group, but via an electron mechanism, The oxygen in the oxidized substance comes from the 
water, 


The MnO, ° H,O residue was obtained with the natural isotopic composition of oxygen when the alkaline 
solution of the bivalent manganous sulfate in light water was oxidized by hydrogen peroxide containing heavy 
oxygen, Consequently, the oxidation of the bivalent manganese by hydrogen peroxide in alkaline solution pro- 


ceeds via the same mechanism as the oxidation by persulfate, contrary to all other previously investigated reactions, 


where the oxidation by hydrogen peroxide takes place through the transfer of oxygen from hydrogen peroxide [11]. 


The oxidation of lead sulfide, Persulfate solution reacts with ground lead sulfide powder, slowly forming 


lead sulfate and precipitating sulfur; K2S20, + PbS > PbSO,g + K2SO, + S. 


We treated the freshly prepared lead sulfide with light persulfate dissolved in water containing heavy 
oxygen, The solution with the residue was either kept at 60° for about 2 hours, or left at room temperature for 
a day. Then the developed lead sulfate was filtered, and the potassium sulfate found in the filtrate was precipi- 
tated by lead nitrate, The lead sulfate residue was decomposed and analyzed as described above. The isotopic 
composition both in the lead sulfate and in the potassium sulfate was found to be the same as in the initial per- 
sulfate, i.e., natural, The oxygen of the water does not enter into the reaction products, It follows from the data 
obtained that the persulfate oxidizes the lead sulfate tv elemental sulfur **by an electron mechanism, 


In order to confirm these interpretations, we carried out experiments with lead sulfide labeled with radio- 


active sulfur, To produce it ,(PbS) H,s® was passed through lead nitrate solution which had been previously freed 
from oxygen, 


The experiments were carried out under the same conditions as those with heavy oxygen isotopes, After the 
reaction the residue containing the resultant lead sulfate, sulfur, and the unreacted lead sulfide was filtered. The 
potassium sulfate found in the filtrate was precipitated by barium chloride. In order to separate it from the lead 
sulfide and sulfate, the elemental sulfur was dissolved in benzene and then recovered by the evaporation of the 
benzene solution, The lead sulfate was separated from thesulfide by dissolving the former in excess ammonium 
acetate at boiling temperature and precipitating it in the form of BaSO,. The radioactivity of the residue was 
determined in the usual way with 10 milligram portions by the means of an end-type counter, It was found that 
the specific radioactivity of the sulfur which separated out was equal to the specific radioactivity of sulfur in the 
initial lead sulfide with +5 % accuracy. The lead and the potassium sulfate formed as a result of the reaction, 
like the initial persulfate, are nonradioactive. These data show conclusively that the persulfate oxidizes lead 
sulfide only to elemental sulfur (and not to sulfate) by an electron mechanism, and the lead sulfate is formed 
entirely from the decomposing persulfate, 


*The different values of oxygen atoms in hydrated manganese dioxide were established by other methods as 
well, 


**We found that hydrogen peroxide oxidizes lead sulfide to sulfate by oxygen transfer — the opposite of this 
reaction, 
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Thus, oxidation by persulfate, contrary to the oxidation by ae peroxide, is accompanied by the break- 
down of the — O—O bond in all the investigated reactions, and proceeds by means of electron transfer, and not 


by the transfer of oxygen atoms from the oxidizing agent to the oxidized substance, 


The authors express their gratitude to A. P, Potemskaya, E.G. Veselaya and T, A. Vovk for participating 
in the execution of certain parts of this study. 
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THE SINGLE ELECTROCHEMICAL BOND IN A SOLID ELECTROLYTE 
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Solid silver bromide is almost an entirely ionic conductor [1]. However,in an atmosphere of bromine 
vapor its conductivity increases in a few cases, apparently due to the advent of electronic conductivity, based 


upon small structural gaps or holes, The degree of electronic conductivity increases with rising temperature, 
and at 200° it amounts to about 17% [3]. 


From the foregoing observations we have described points of interest in the study of the temperature 
dependence of emf in the bond Ag/ AgBr (solid)/Br,, C. We know of only one paper in this connection [4], 
where measurements were made over a comparatively narrow temperature range (203-407°), and in this case 


the results obtained were of poor reproducibility. We have measured the emf of the described bond carefully 
from room temperature up to 421°C, 


The electrochemical cell itself.consists of a cylinder pressed from silver bromide, A silver wire was 
pressed into one face to act as a silver electrode, while in the other was inserted a carbon pin to act as a bro- 
mine electrode, The cell was inserted into a hard glass U-tube, Contact with the carbon pin was effected ex- 
ternally by means of a platinum wire, During the time of measurement, gaseous bromine was fed to the cell 
from a special type of evaporator, Its temperature was approximately that of the cell, When working at tem- 
peratures above 60°C, the bromine pressure on the cell reached atmospheric, At lower temperatures it equaled 


the saturation pressure of bromine at room temperature, The results of these latter measurements were converted 
to atmospheric bromine pressure. 


We prepared silver bromide from chemically pure reagents (silver nitrate and potassium bromide), The 
measurement of emf was made by the usual method of compensation, 


The results of the measured emf of the cell Ag/ AgBr (solid)/ Bry, C with the thermal emf corrections for 
the vapor, are set out in Fig. 1 for platinum-silver, It is apparent that over the temperature range 110° to 421°, 
the experimental results fit closely on a straight line, which may be expressed as the empirical equation 


E = (1,1518 — 0,493- 10°87) -}-0,0017 v. 


According to [5] the emf of our cell, but with molten silver bromide, amounts to 0.8056 v at the melting 
point, (434°), while at the same temperature the derived equation gives 0.8033 v. The satisfactory correspond- 
ence of these values confirms the accuracy of our measurements, while it also indicates that in every case for 
solid silver bromide near its melting point, the emf points clearly to the ionic nature of the conductivity. 


Thermodynamic calculations based on certain data [6,7], give an emf of 0.9904 v at 25°, On extrapolat- 
ing the straight line in Fig, 1 to 25°, the resulting voltage is found to be 1.0049, The agreement between these 
figures can be regarded as satisfactory, while the divergence of 14,5 mv can arise from the error in extrapolat- 
ing through a narrow temperature interval (from 110 to 25°), All this indicates, that over the temperature range 
420-110°, our emf measurements reveal that if there should be electronic conductivity in solid silver bromide, 
it is absent under these conditions, although as was pointed out earlier, even at 200° electronic conductivity 
still comprises 17% of the total conductivity, 


Our measurements at 25° gave an emf of 0.944 v while the 
“ thermodynamic figure was 0.9904 v. In an atmosphere saturated 
> with bromine vapor at 25°, the conductivity of silver bromide ex- 
ceeded approximately 10 times its conductivity in the absence of 
bromine vapor, In connection with this measurement at 25° in a 
bromine atmosphere, the emf of our cell would rightly be 0,1 
against the corresponding thermodynamic figure of 0.099 volts. 
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From doubts concerning the increase in conductivity of silver 
03010 15) 200 50 400% in an atmosphere of bromine vapor, the emergence of 

Fig. 1 electronic conductivity was suggested, although we showed this 

sini to be impossible by our measurement of the transfer numbers in 

solid silver bromide surrounded by bromine vapor, The measure- 
ments were conducted by the usual method for solid electrolytes, 
The transport number of ionic bromine was shown to be equal to zero, while the transport number of silver ion 
lay in the range 0,03 to 0,05 (20°) and from 0,06 to 0.11 (93°), 


In explaining the behavior of the emf of our cell let us consider its design, Evidently, inside the solid 
silver bromide there is a place where there will be a concentration gradient of dissolved bromine and consequent- 
ly a concenttation gradient of holes as well, which will result in the formation of an electropotential gradient. 
To calculate the latter, we use the thermodynamic methods of irreversible processes, 


Under our conditions, the following components will exist in solid silver bromide; silver ions (Ag )s 
bromine ions (Br~), positively charged gaps or holes (0). Let I with the corresponding indexes be the current in 
the components indicated; I without an index is the total current; ¥_ the electric potential; g the chemical 
potential of the different components; and F Faraday's constant, 


Let us write down fromthe various phenomena, equations for the currents cited; 


Tagt = — Ly grad pag+ — Lye grad — Lis grad — Ly, grad 
Tpr- = — Loy grad — Loo grad — Log grad — Loa grad 4, 


1, = — Ly, grad pag+t — Lge grad — Lag grad — grad ¢, 
T = grad pag+t — Lag grad Lag grad — Lag grad >. 


In equation (1) ¥ is expressed in volts, the currentI,, +, Ipr and I) in gram equivalents,and I in coulombs 
per square centimeter, For Onsager’s coefficient L,it is possible to write down the following obvious relationships 


Lu=Ly = Ly = Ly = — Ly =Ly =; Lu (2) 


Here K is the total specific conductivity of the solid salt. 


Under conditions of equilibrium I = 0. In this case, neglecting the dependence of the chemical potential 
of silver and bromine ions on their solution in the bromine salt, we obtain 


F dp (3) 


where ty is the transport number of the holes, From the concentration of holes in each cross section of the solid 
electrolyte, it is possible to calculate the proportional concentration of dissolved bromine in this cross section, 
If the solution of bromine and holes in silver bromide is assumed to be ideal, then dug = du pre Hence 


F dp = —t (4) 


The emf of our ceil E can be written in the following form: 


i 
(1) 
i 


EF = — — + Pager + F (bag — i 


Using (4) and (5) and having measured the chemical potential of dissolved bromine near the silver electrode 
from the equilibrium Ag + Br > AgBr we obtain 


EF = (1 —t,)(— per — Pag + ager); (6) 


here % is the average value of the transport number of the holes which we write in the form 


Ag 


(7) 


The indexes Ag and C show that the values of the corresponding quantities are preserved in the vicinity of 
the silver or carbon electrode, 


Evidently 


vCo + x; (8) 


here vo and Cp are the mobility and concentration of the holes; x, is electrical conductivity, dependent on the 
mobility of silver and bromine ions. 


A 
From (7) and (8) we obtain, assuming dispersion of the holes in an ideal crystal and neglecting vp Co 8 in 
comparison with Kk, : 


At 200° [3]. 


Using thermodynamic data, it is possible to assess the pressure of gaseous bromine in equilibrium with silver. 
The concentration of bromine in solid silver bromide is proportional to the square root of the pressure of gaseous 
bromine [2], while the concentration of holes in pure silver bromide can be regarded as proportional to the con- 
centration of dissolved bromine, 


From these considerations there is derived oo/ chs = 10", where n = 20-30, Hence Tt appears to be so 
small, that without incurring much error, it is possible to write ty = 0. 


A reading is made at this point and also at 100°, At temperatures higher than 200°, ty is also practically 
zero, In this case, over a temperature range of 100-434 our electrochemical bond behaves as if the conductivity 
of the electrolyte were entirely ionic in nature, 


lg + 4 
x is 
Ig 
H 
x 
| 
9 
2,2 
| 
| 
ce 
(1 a 
0 
) 
| 139 
| 
4 


Weininger [8] prepared some tiny elements in which one of the electrodes was silver while the other was 
bromine or iodine, Therefore, the fact that similar elements function and correlate better with the thermo- 
dynamic values for emf is explained by the above considerations, 


Evidently the regularities observed here can occur sequentially in other similar cases, 


It is our pleasant duty to convey our thanks to Academician A, N. Frumkin for discussions on the results of 
the present work, 
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HARDENING OF CALCIUM OXIDE 


E. E. Segalova, S. I. Kontorovich and Academician 
P. A. Rebinder 


Physical Chemistry Institute, Academy of Sciences, USSR 
Colloid Chemistry Faculty, M. V. Lomonosov Moscow State University 


Although the hydration properties of quicklime have been known for approximately 30 years [1], the 
mechanism of the purely hydration hardening of calcium oxide has not yet been sufficiently fully studied, 


In the study of the kinetics of supersaturation in dilute suspensions of CaQ it has been established that 
there exists a constant supersaturation level which may be regarded as the metastable solubility of calcium 
oxide [2]. The process of hydration of CaO, like that of other hydration binding materials, involves the dissolu- 
tion of the original CaO and crystallization of hydrated Ca(OH), from the resultant supersaturated solution, A 
distinguishing feature of calcium oxide is its very high rate of dissolution, which is related to the very high 
specific surface of ordinary CaO, prepared by ignition of CaCO, under relatively mild temperature conditions, 
The study of the hydration hardening of pure calcium oxide presents considerable difficulty, as a result of the 
high thermal effect of the reaction, In the study of the hardening of lime-sand mixtures, however, the hydra- 


tion hardening of the CaO is accompanied by the process of hydrosilicatization [3], which complicates the study 
of the hydration properties of the calcium oxide, 


In the present work the process of structure formation has been studied using suspensions containing, in 
addition to pure calcium oxide, a large quantity of an inert filler, and this has made it possible, firstly, to in- 
crease the water —lime ratio without separation of the system into layers, and hence to reduce the rate of the 
process of structure-formation, and secondly, to reduce the rise in temperature of the specimens, 


The inert filler used was pure calcium carbonate with a specific surface of 2000 cm*/g, as determined 
using a Tovarov apparatus, This filler does not lead to hardening when mixed with calcium hydroxide in the 
absence of CO,, and has practically no influence on the solubility of CaO and Ca(OH),, since its own solubility 
is low, The mechanical properties of concentrated suspensions were characterized by measuring the plastic 
strength using a cone plastometer [4]. The specimens were stored in a desiccator over saturated Ca(OH), solu- 
tion, and were not protected from the action of atmospheric carbon dioxide, since it was shown by means of 
special experiments that in the course of several hours, the CO, of the air has practically no effect on the strength 
of the hardening structure, if the measurements are carried out with the plastometer cone embedded to a depth 
of not less than 3-5 mm, The rate of hydration of the calcium oxide was determined using a calorimeter 


with an automatically controlled adiabatic jacket [5], which made it possible to follow the hydration of the 
calcium oxide over a period of several hours. 


Figure 1 shows the characteristic kinetics of the crystallization structure formation in suspensions contain- 
ing 25% CaO and 75% CaCOxg, together with the rate of hydration of the CaO in these suspensions, determined 
simultaneously (from the heat evolved), Immediately after the sharp increase in the plasticstrength related to 
the crystallization of the greater part of the Ca(OH),, there is a decrease in strength, which starts even before 
the calcium oxide hydration is complete, At W/S = 0.4 (Fig. 1A), the decrease in strength gives way to an in- 
crease in strength, which is complete at the moment of complete hydration of the CaO. 


pus 
. 
= 


J hours 4 


Fig. 1. Kinetics of the hydration (W) and crys- 

tallization structure-formation (P,,) in calcium 
oxide suspensions, Suspension composition 25% 

CaO + 15% CaCOs. 
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Fig.2, Relationship between the kinetics of 
structure formation and temperature in speci- 
mens containing 5% CaO + 95% CaCOg, W/S = 
= 0.4, 1) Kinetics of structure-formation; 2) 
change in temperature in specimens (a) hard- 
ened under ordinary conditions, b) under the 
opposite conditions of temperature change, c) 
under isothermal conditions, 


The decrease in strength during the hardening of 
pure CaO was noted earlier by G. I. Logginov [6], who 
related the phenomenon to an increase in the solubility 
of the Ca(OH), with decrease in the temperature of the 
specimen immediately after the maximum value reached, 
as a result of the thermal effect of the reaction. Fig.2 
shows the kinetics of the crystallization structure forma- 
tion and the change in temperature of specimens hardened 
under different temperature conditions, The first series 
of specimens (a) was hardened under ordinary conditions, 
the second (b) under the opposite conditions of tempera - 
ture change, and the third (c) under isothermal conditions, 
The figure shows that the decrease in strength is observed 
in all three cases, and is independent of change in the 
temperature of the specimens, There are several possible 
explanations for the decrease in the strength of the struc - 
ture during the hardening process. 


The decrease in the strength may be related to the 
dissolution of crystallization contacts in a state of thermo- 
dynamic nonequilibrium [7], or to the conversion of a less 
stable, and hence more soluble modification to a less 
soluble, more stable form [8], or, finally to the production 
of stresses in the process of growth of the crystals, which are 
joined to one another by growth contacts to form a com- 
pact crystallization structure which prevents their free 
movement, 


The dissolution of the crystallization contacts can 
explain only that drop in strength which is observed after 
hydration is comp!ete, and which is more clearly revealed 
at high values of W/S (Fig. 1, B and C), It should be noted 
that at W/S = 0.4, after the hydration is complete, there 
is again observed a certain decrease in the strength, but the 
drop is very slight. The decrease in strength which takes 
place during the hydration process, and which is particular- 
ly clearly shown at small values of W/s (Fig. 1A) cannot, 
however, be explained by dissolution of crystallization 
contacts, since it commences when a large quantity of the 
original binding material is still present in the suspension 
(approximately 25% in the case illustrated in Fig. 1,A), 
and this is able to maintain, in the suspension, the super~- 
saturations preventing the recrystallization processes. 


The decrease in the strength cannot be explained 
by the conversion of an unstable modification of the type 
Ca(OH)_*4 and Ca(OH),* H,O [9] to the stable hy- 
drate Ca(OH), on hardening, since the thermograms and 
x-ray diagrams which we have recorded show unambig- 
uously that under ordinary conditions (in our experiments), 
only one chemical compound,Ca(OH), exists throughout 
the whole of the hardening process. 


Thus the cause of the decrease in strength which 
takes place before hydration is complete can only be the 
production of tensile stresses in the structure during its 
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development, These tensile stresses result from overgrowth of the skeleton of the crystallization structure, This 
overgrowth leads, on the one hand, to an increase in the strength of the structure as a result of the increase in 

the size of the component crystallites, and, on the other hand, to a decrease in strength as a result of the forma- 
tion of internal tensile stresses which lead to a breakdown of the structure at its weakest point. The dual nature 

of this process leads to the appearance of an inflection on the curve showing the increase in strength with time, 

as can be seen from Fig. 1, A. In this case, after the maximum value has been reached, the strength at first 
decreases as a result of the breakdown of the structure under the influence of the stresses, and afterwards increases 
again, since the removal of the stresses by partial breakdown of the structure means that the increase in strength 
predominates during the continuing crystallization of the new formations, The stresses produced during the 
growth of the skeleton of the crystallization structure will be greater, the lower the porosity of the structure, i.e., 
the lower the water—solid ratio (W/S). Consequently, the decrease in strength related to the internal stresses should 
should be smaller, the greater W/S, This feature makes it possible to distinguish readily the decrease in strength 
related to the production of internal stresses and partial breakdown of the structure at its weakest points from the 
decrease in strength resulting from the dissolution of crystallization contacts in thermodynamic nonequilibrium, 
which is more marked, the greater the total porosity of the specimen, i.e.,the greater W/S [7]. 


TABLE 1 


Plastic strength Pm, kg/ cm? Decrease in strength % 


i at completejatT = 4 hours 
hydration, (Pmmax —(P m)H (P ms 


max 


(Pm), (Pm)max 


25 
20 
12,5 


When the data given in Fig, 1 are used to calculate the relative decrease in strength taking place during 
the process of development of the hardened structure before hydration is complete [(Pm)max (Pm Yey/ (Pm) max 
and after complete hydration * as a result of recrystallization and dissolution of the crystallization contacts 
(Pin) max7(Pm)r/(Pm)H» it is found that the first decreases, while the second increases, with increase in W/S 
(Table 1), This confirms that the decrease in strength during the process of CaO hydration is determined by the 
stresses produced in the structure during its development. The decrease in strength resulting from the dissolution 
of the crystallization contacts is observed only after hydration is complete, when the specimens are stored under 
moist conditions, and it can be seen clearly only at fairly high values of W/ S$, The decrease in strength result- 
ing from the internal stresses becomes much more marked with increase in the CaO content of the mixture’ and 
decrease in W/S, and at very small values of W/S leads to complete breakdown of the crystallization structure, 
as takes place also when quicklime is slaked to produce slaked lime. 


O. V. Pyasetskaya took part in the work, 
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DOUBLE BONDS IN POLYETHYLENE IRRADIATED WITH FAST 
ELECTRONS 


N. A. Slovokhotova, A. T. Koritskii and N. Ya. Buben 


L. Ya. Karpov Physicochemical] Institute 
Chemical Physics Institute, Academy of Sciences, USSR 


(Presented by Academician V. A. Kargin, July 29, 1959) 


In the present work, the method of infrared spectroscopy was used to study the formation of double bonds 
in polyethylene during its irradiation with fast electrons at different temperatures from -196°to +50° in a med- 
ium of nitrogen, The recording of the infrared spectra at low temperatures and all the operations involved in 
the transfer of the specimens were carried out in a stream of cold nitrogen, The temperature was varied by 
altering the rate of evaporation of the nitrogen. 


The spectrum of polyethylene irradiated in liquid nitrogen, recorded (without intermediate heating) at a 
temperature below -100°, shows an absorption band in the region of 966 cm 4. This confirms the accuracy of the 
suggestion made earlier, that double bonds of the trans-viny! type are formed immediately in the polyethylene at 
the moment of irradiation, as a result of the removal of hydrogen atoms from two neighboring methylene groups, 


The intensity of the band at 909 cm corresponding to the vinyl group in the spectrum of low-pressure po- 


lyethylene irradiated at a temperature of +26°, decreases with increase in the radiation dose, The spectrum of 
the same polyethylene, irradiated at the temperature of liquid nitrogen, shows a very slight decrease in the in- 
tensity of this band only on irradiation with small doses; with irradiation by doses of more than 25 Mrad, there is 
almost no change in the intensity of this band, 


The spectrum of high pressure polyethylene irradiated at a temperature below -100° (Fig. 1), however, 
shows the appearance of an absorption band in the region of 909 cm -1| whose intensity increases with increase 
in the radiation dose; when the same polyethylene is irradiated at a temperature of + 26° and above, the band 
of the vinyl group is observed, but the intensity is very much less, and possibly for this reason it was not detected 
in earlier studies, 


The appearance of vinyl unsaturation on irradiation of high-pressure polyethylene may be explained either 
by the end effect or by rupture of the main chain of the polymer. In order to solve this question it is necessary 
to carry out more precise quantitative measurements, taking account of the degree of branching of the specimens 
studied, The decrease in the vinyl unsaturation on irradiation of low pressure polyethylene may be explained by 
interaction between the vinyl groups and radicals formed during the irradiation; the more rapid decrease in the 
vinyl unsaturation during the irradiation of polyethylene at a high temperature is evidently related to the in- 
crease in the mobility of the polymer chains and polymeric radicals at this temperature. 


The spectrum of polyethylene irradiated at a temperature below -100° with a dose of 206 Mrad (Fig. 2) 
shows, in addition to an intense absorption band at 966 cm~, two less-intense bands at 985 and 944 cm", and the in- 
tensity of these bands is greatest when the spectrum is recorded at a temperature of approximately -100°, without 
preliminary heating of the specimen; on subsequent heating, the intensity of these bands decreases as the tem- 
perature is increased, 


When the specimen is heated for several minutes in a medium of nitrogen at a temperature of approxim - 
ately 100°, the band at 944 cm disappears, while the band at 985 cm becomes broader and appears as a 
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shoulder on the more~intense band at 966 cm™1, When the same polyethylene specimen is again frozen, its spec- 
trum at low temperature shows only a weak band at 944 cm“, while the band at 985 cm™ is again observed just 
as clearly, and with the same intensity, as in the spectrum of the same specimen before heating, This region 
contains the absorption bands characteristic of two conjugated double bonds; one intense absorption band in the 
region of 988 cm‘! is characteristic of trans-trans conjugation, and two bands of average intensity at 982 and 
948 cm™ are characteristic of cis-trans conjugation, On this basis it is possible to explain the appearance of 
the bands at 985 and 944 cm™ in the spectrum of irradiated polyethylene as due to the formation of pairs of con- 
jugated double bonds. The disappearance of the band at 944 cm~!when the specimen is heated, however, indicates 
that this band is related to the presence of some type of short-lived radicals in the irradiated polyethylene, The 
radical with structure most closely resembling that of a pair of conjugated double bonds is the allyl radical, 
whose presence in irradiated polyethylene has been shown by the electron paramagnetic resonance method [3]. 

It is possible that the band at 944 cm™ is related to the vibrations of the CH-group in the ally] radical. 


We have to express our deep gratitude to Academician V. A. Kargin for fruitful discussion and valuable 
advice, 
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Fig. 1. Infrared spectrum of high- 
pressure polyethylene (d = 500p ) be- 

fore irradiation (1) and after irradia - Fig.2. Infrared spectrum of high- 
tion with fast electrons at -196° with pressure polyethylene irradiated 
a dose of 25 Mrad (2), 100 Mrad (3) with fast electrons at -100° with 
and 300 Mrad (4), Spectrum recorded a dose of 206 Mrad, recorded at 
at a temperature of + 25°, -100° (1), +25° (2) and after re- 

cooling to -100° (3). 
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THE REACTION CAPACITY OF THE ANIONS OF CERTAIN 


CARBOXYLIC ACIDS IN THE ACID-CATALYZED ENOLIZATION 
OF ACETONE 


Act. Tal’ vik and Vi Ac Palm 


Tartar State University 


(Presented by Academician V. N. Kondrat'ev, July 17, 1959) 


The enolization of acetone serves as a general example of acid-base catalysis [1]. Most of the work on 
the study of the kinetics of this reaction also was done by Dawson and collaborators [2, 3]and others at 25°,but they 
paid little attention to the chemical nature of the phenomena studied [4], and their catalytic constants are not 
completely reliable and do not possess an appropriate physical meaning. 


Proceeding from our [4] established reaction mechanism on the enolization of acetone, for the observed 
monomolecular constant of the speed of general acid-base catalysis in real solution (assuming a,,+ = hy « Kap, 
where hp is the acidity of the medium and K,,, is the bas.city constant of acetone) we derive the expression 


- k f +f 
ap 
(BH+... (B...OH-) . (B...A-) 


The activity coefficients of the appropriate molecules, ions, and active complexes are designated by f, B is 
acetone, the asterisks indicate velocity constants in the case of base catalysis. 


Substitution of experimental data in formula (1) allows the determination of the actual bimolecular velocity 


constant for the simple reaction between an acetone ion and different bases, as well as acid anions, if the value 
of Kap is knowm 


EXPERIMENTAL 


We investigated the reaction of iodoacetone in the presence of buffered acetic, propionic, bromoacetic, 
and iodoacetic acids with their corresponding salts, The buffered mixtures were made from KOH, solutions of the 
corresponding acids, and aqueous iodine (the concentration of I, had been previously determined ee 

metrically), The concentration of hydrogen ion in solution was determined from the equation [H*] = [HA]? 
/y? + [A’]; y+ was calculated from the formula -log y + = Z + QXy BV assuming = 5A [5]. 


The reaction velocity was measured spectrophotometrically by the loss of iodine. Since the constant for 
iodine consumed depends largely on the concentration of salts present, therefore the value of *. is determined 
separately in each case from experimental values of the original optical density. 


The experimental details were reported similarly in [6] except that an ampoule of carefully weighed acetone 
was broken in a closed flask under a layer of solution, Kinetic measurements were made at three temperatures 
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(15, 25 and 35°) at wavelengths 465 or 350 mp. Examples of the kinetic curves obtained are shown in Fig. 1, 


The values of k, /K ap (in so far as Kan can be estimated somewhat approximately [4], the value of K ,— 
not being calculated separately) are determined in the following manner, It is possible to neglect the first and 


penultimate terms in (1) since under the experimental conditions they become negligibly small, Furthermore 
we have 


K HA] 
[H;O0*}; 


Hence, in a given concrete case, expression (1) may be 
written in the following way: 


k Ry- 
ap 


4- (2) 


The quantity & 5 (H,O] equals the described catalytic 
constant for hydrogen ion and it is known from the literature [7-9] 


k 

[HO] = 4.27° 10! e 
K aB 

Fig. 1. Kinetic curves from buffered genoacetic acids it is also possible to neglect the last term in ex- 
solutions of acetic acid at wavelength pression (2). Therefore, from the various measured ratios [HA]/ 
350 mu; [A7] = 0,040 mol/ liter; [KI]= /[A7], values for ky are constructed graphically 

= 0.005 mol/ liter; 1) [HA] = 0.205 

mol/ liter,€; , = 16500; II) [HA] = ky Rito + (3) 

Ill) [HA] = 0.058 mol/ liter, q, = 

= 16300, 


42 


_ min . In the case of the halo- 


From the slope of the derived straight line, which goes through the 


ka - 
origin, the quantity i Kya __ is calculated, 


In the case of acetic and propionic acids, the values of ky 
employed are obtained from a different [HA] and a constant [A°]. 
From the slope of the straight line and the coordinates in (3) the 


quantity is calculated, The value of when 
aB 


k* 
[HA] = 0 equals the quantity _A- [A~]. Employing data from 
[9] a similar calculation was made for chloroacetic acid, 


Examples of interrelationship of the functions of (3) are 
given in Figs, 2 and 3 (t = 25°), 


Our results and the values of the acid dissociation constants 
. 
Fig oe. in [10, 11] are given in Table 1, (AS, and AHg are the entropy 
and thermal effect of the acid dissociation of acetone ion: AS» 
and AH are the entropy and thermal! dissociation of the corres - 
ponding acids, 


& | 

ae i, ~ Ti i 
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TABLE 1 


Acetic 
Propionic 
lodoacetic 
Bromoacetic 
Chloroacetic 


Calculation shows that for the highest accuracy + 10% 


DISCUSSION 


x 


tion energy [13]. 
to the changes Ey-AH, 
From what has been said, 


CH,COOH, II) C,HsCOOH. 


Ag 


—21,7 
—22,3 
—19,3 
—17,4 


= 


= 


19700 
19800 
22200 
21600 


As indicated earlier, our determinations of the values for ka-/Kgg are characterized from so-called 
catalytic constants for the corresponding acids as much by their numerical values, as by their physical significance, 


In connection with this it is interesting to check the possibility of linking them with the dissociation constants of 
the corresponding acids correlated by Bronsted [12]. 


where a = 1078-68 . and a = 0,243 -178/T. Both parameters aand a include “energy* as well as 
“entropy” components, so that the values of the latter are commensurable, In the same way it is necessary to 
point out that a and « possess the essentials of neutral parameters, In going from acetic acid to propionic, only 
log A and AS» change.In the series of halogen~-substituted acetic acids consistent change occurs as log A and ASp, 
as well as E and AHy.On comparing the dissociation constants of halogenated acids and the velocity constants of corres - 
ponding anions, we see that the strength of the acids increases and the nucleophilic nature of the anions decreases 
in the order ICGH,COOOH~BrCH,COO H-CICH,COOH. Such regularity can be interpreted in the usual manner, from 
the view point of increased intensity of inductive effects in the halogen series I< Br <Cl. 


However,further available data show that such a sequence results 
solely from corresponding changes in the values AS) and log A. Changes 
in the value of AHy andE act directly in opposite ways, It is interesting 
to note that in the series of halogen hydrides, the acidity increases with 
increase in molecular weight, with a simultaneous decrease in dissocia - 
This is apparent in Table 1 and clearly corresponds 
and AH, of the halogen~-substituted acids. 
it is clear that in the case of organic 
acids there are major factors which define existing differences in thermo- 
dynamic and kinetic strength of the acids, appearing as a nonthermal 
effect and activation energy, while corresponding entropy and frequency 
coefficients operate, Proceeding from the physical nature of the induc~- 
tion effect, the latter must influence the reaction capacity only by way 
of its effect on the energy factor, 


Expression (4) is correlated in an equivalent way with the equation 
of Taft [14, 15] 


» 


log A,— 
Acid (25°) entr. e cal 
(252) 2,3R 
68,5 0,175 12,29 0 
92/5 0,134 0 
22,4 6,68 13,62 —1400 
16,5 12,5 13,06 |—1200 
45:4 13,8 —15,3 42,32 — 700 20400 iu 
» 
Fig. 3. I) ie is 
HA, 
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since a =P al Pusat k ri and Kyay are characteristic values for acetic acid, which is taken as a standard 
(for CH3~o0° = 0). 


The quantity P*g* is interpreted as a quantitative measure of the action of the inductive effect of a sub- 
stituting group on the reaction capacity of a given compound in a given reaction [16,17]. According to this in- 
terpretation,the quantity p* o *must be entirely one of entering into the activation energy or the thermal effect [17]. 
In the example under study, this is not the case, Values ofp *o * can be presented in the condition p*s*=W-<€/2.3 RT. 


Values of W and € are brought together in Table 2,as well as values of o* at 25°,determined from log 
(ka kag) =P (assuming = - 0.613) and from Taft's data. 


TABLE 2 


Group R inAcid A> A 


from __.| according to 


0 
—0,4;—0, 24 (15) 
~ 
BrCH,— +41,03 
CICH»— 


The data of Table 2 offer good support for Taft's equation in the case of the reaction considered, but the elec- 
tronic interpretation of this correlated formula is contradicted, 


It is curious to record the following regularities which are-observed by the halogen~-substituted acetic acids, 
but not by acetic and propionic, Between the values log A = log Ay - AS A.3R and E = Eo-AH, there is a linear 
relationship, log A = -4,73 + 0,835 * 10%E. An approximate linear relationship log A = 6.23 +'0.382 AS» can 
also be seen. This suggests that between the halogenoacetic acids on the one hand and acetic and propionic 


acids on the other, essential differences in mechanism occur, distinguished by the dependence of the reaction 
capacity of a given compound on its structure, 
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THE ELECTROMAGNETIC PROPERTIES AND STRUCTURAL 
DIAGRAM OF THE FeO~-Si0O,-ZnO SYSTEM 


Corresponding Member Acad, Sci. USSR, D. M. Chizhikov, 
V. P. Schastlivyi, and L. I. Blokhina 
A. A. Baikov Institute of Metallurgy Acad, Sci. USSR 


In the literature, data concerning the threefold diagram of the phase structure of the FeO-SiO,-ZnO system 
are absent, In the present work, on the basis of actual measurements of the electromagnetic properties and petro- 
graphic analysis, the structural diagram of the FeO-SiO,-ZnO system has been partly constructed, which has great 
importance for the metallurgy of nonferrous metals, 


Melts were prepared by fusing oxides together in corundum crucibles in a furnace with a graphite heater. 
The ferrous oxide was obtained by heating ferrous oxalate in nitrogen in covered iron glasses with slow raising of 
temperature up to 700-800° and with subsequent slow cooling. 


Measurements of specific electrical conductivity 
were carried out by the voltmeter-ammeter method; 
magnetic susceptibility was measured by Gouy-Faraday*s 


ae method, Petrographic analysis of melts was carried out 
Pal ww on the basis of the investigation of transparent sections 


& utilizing immersion fluids and Fedorov's table, 
CAN) Petrographic investigation was carried out on 
KY + @ melts containing from 26 to 64% of SiO,; from 0 to 52% 
\/N/ of ZnO; from 4 to 76% of FeO, Note should be taken 
that the structural diagram of the FeO-SiO,-ZnO system 
is a pseudoequilibrium, since at high temperatures a 
reaction proceeds between ferrous oxide and zinc oxide 
which results in the liberation of zinc vapors and dis- 


proportionation Of trivalent iron [1]. 


4) 


In FeO-SiO,-ZnO melts the trivalent iron is al- 
ways present, and its concentration rises by the de- 


crease of silica content and the increase of zinc oxide 


concentration, In Fig. 1 the points of investigated melts 
of the system are shown according to the data of chem-~- 
ical analysis. 


Fig. 1. The structural diagram of the FeO-SiO,- 


-ZnO pseudoequilibrium system. Within the investigated field of the diagram there 
are four areas of phase equilibrium. Area A is charac- 

terized by the presence of fayalite, tridymite and magnetite in the melt. Area B is distinguished by the presence 

of fayalite, willemite, tridymite and magnetite in the melt. In Area C the melt contains phases of fayalite, willemite 

and magnetite. Area D is characterized by the fayalite and magnetite content of the melt, It has been observed 


that willemite and magnetite crystallize first from the melt, and fayalite follows next, The optical properties of 
the mineral phases are presented in Table 1, 


a 
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TABLE 1 


The Optical Properties of the Mineral Phases in the FeO-SiO,-ZnO System 


Area 


Mineral 
phases 


Axes 


Op- 
tital 
sign 


N 
g 


N 
Pp 


Fayalite 
Tridymite 
Fayalite 
Willemite 
Tridymite 
Fayalite 
Willemite 


D Wayalite 


Biaxial 


Monoaxial 
Biaxial 


Monoaxial 
Biaxial 


52—55 
68 


59—61 


70 
52—54 


50 


1 ,858—1,873 
75 


4,858—1,873 
1,719 
1,475 

4,855—1,874 
,720 


1,864—1 ,871 


1,836—1 ,851 


1,836—1 ,851 
692 


1,807—1 ,834 


1,825—1 


0,022 


0,022 
0,027 


0,048—0 ,037 
030 


0,037—0,039 


TABLE 2 As can be seen from the diagram, the solubility of 
zinc oxide in the FeO-SiO, melts amounts to 9-12% in 
Area a, Within the investigated part of the diagram 
triple compound of xFeO + ySiO, + nZnO type has not 
been found, It can be assumed that in this area of the 
diagram zinc has displaced isomorphously the bivalent 
iron ion in the fayalite without being precipitated as a 
separate phase, 


The Size of Grains of Mineral Phases at the 
Quenching of the Melts in Water 


Fayalite | Willemite | Magnetite 


size of grains, mm 


0,008—0,016 
0,008—0,016 
0,06 —0,2 
0,1 —0,15 
04 —0,4 


In order to determine the development rate of 
individual mineral phases in the FeO-SiO,-ZnO system, 
quenching was carried out after heating the oxide melts 
to the ternperatures of 1300, 1200, 1000, 800 and 600°, 
The liquid melt was mixed in a corundum crucible, heat- 
ed to the given temperature, which was maintained for 
10 minutes, then the crucible was submerged in a vessel 
with running water, The test pieces were cooled down 
to 20° within 3 to 4 minutes. Sections were prepared 
from the congealed melts, in which the size of the grains 
was determined, Melts of Area C were investigated, In 
Table 2B shown the size of the grains present in the min- 
eral phases in the melt containing 43.5% of FeO, 38.4% 
of SiO,, 18.05% of ZnO, In melts tempered at a tempera - 
ture of 1300°, a willemite phase was observed in the form 
of tiny crystals measuring 0,008-0,016 mm; fayalite crys- 
tallizes sufficiently well at these temperatures and forms 
grains as large as 0.1 mm, By reducing the initial quen- 
ching temperature of the test pieces to 600°, the relative 
development rate of fayalite and willemite (crystals) 
remained unaffected, 


~405 


Fig. 2. The curve of change of the inter- 

vals of specific electrical conductivity dur- 
ing smelting, as a function of compositions 
and the interval of smelting At, 


Measurements of specific electrical conductivity and magnetic susceptibility of the melts of FeO-SiO,- 
ZnO system were carried out in the interval of 1450-1000°. The composition of the investigated melts varied in 
three ways: (a) the ratio of sio,/ FeO = 0,9, or the concentration of (b) silica, or (c) ferrous oxide were taken 
as constants, respectively, The zinc oxide content of the investigated melts varied between 0.0 and 30.0%, In 
the melts with a constant proportion of SiO,/FeO = 0.9 the increase of the ZnO concentration from 0.0 to 30.0% 
led to the increase of specific electrical conductivity from 2.4 to 6.8 ohm™, cm~ at 1450°, The isothermsof 
specific electrical conductivity had an extreme value at 17% of ZnO, In melts in which silica was replaced by 
zinc oxide the specific electrical conductivity increased proportionally to the zinc oxide content, So, by raising 
the zinc oxide concentration to 30.0%, specific electrical conductivity was increased from 1,37 to 7.4 ohm™!+cm=! 
at 1450°, The isotherms of specific electrical conductivity had an extreme value at about 12% of ZnO concentra- 


" | 
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tion, When the ferrous oxide was replaced by zinc oxide in the melts, specific electrical conductivity decreased, 
dropping from 1.37 to 0.45 ohm“ » cm™ at 1450°, The isotherms of specific electrical conductivity of these melts 
had an extreme value at 9-12% of ZnO. 


The absolute magnitude value of specific electrical ety as a tunction of temperature obeys an 
exponential theorem, described by the equation: Kk = Ay ee* The experimental data of specific electrical 


conductivity, obtained in the field of melting, were treated on the coordinates of ae —At ._ this 


‘ 
showed clearly defined extreme values in the curves of the change in the character of specific electrical con- 
ductivity (dA lg K) depending on the zinc oxide concentration (dc) and the interval of smelting (At), 


Thus, in Table 2 for SiO, /FeO = 0,9 melts in the curve,two extreme values are exposed; (point 1) at 9.0% 
of ZnO and (point 2) at 16.0% of ZnO. Plotting these points against the structural diagram of the FeO-SiO,-ZnO 
system shows that the extreme value at 9.0% of ZnO corresponds to the appearance of free mineral combinations 
of willemite type (2ZnO + SiO,) in the melts, while the extreme value at 16.0% of ZnO corresponds to the dis- 
appearance of the structurally free tridymite, In melts with constant concentration of ferrous oxide the extreme 
value at these coordinates corresponds to the appearance of willemite phase, For melts. in which ferrous oxide 


was replaced by zinc oxide, the extreme value at the coordinates of dA lg x_At_ corresponds to the disap~- 
de 
pearance of tridymite and the appearance of willemite. 


fhe measurements of magnetic susceptibility of the melts in the investigated system showed that all of them 
were paramagnetic; the magnetic susceptibility of melts was determined by the concentration of ferric oxide 
present in the melts, The absolute magnitude of paramagnetism of the investigated melts varied to an insig- 
nificant degree according to the temperature, The isotherms of magnetic susceptibility of melts of the FeO-SiO,- 
ZnO system had extreme values at the points corresponding to theborderline of Areas A and B, i.e., at the transi- 
tion of melts into the willemite-containing area, The disappearance of the tridymite phase was not found in 

the isotherms of magnetic susceptibility, inasmuch as tridymite is diamagnetic, and the changes in the general 
susceptibility of the system are insignificant, 


Thus, on the basis of measurements of electromagnetic properties and petrographic analysis, a part of the 
pseudoequilibrium diagram of the ternary FeO-SiO,-ZnO system has been constructed, 


The investigated diagram is not an equilibrium owing to the reduction and volatilization of zinc when the 
ferriferrous melts are held in high temperature ranges, 


The measurements of specific electrical conductivity and magnetic susceptibility of melts, obtained in 


dA | 
the field of smelting, and the treatment of the data on the coordinates of = — At allow us to draw the 
borderline of fields in the investigated structural diagram, 
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Reads 


M. Yamazaki, J. Chem. Phys. 24, 
1260 (1956) 


Should read 


M. Yamazaki, J. Phys, Chem. 
24, 1260 (1956) 
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a 
888 Ref. [2] 
1181 


SIGNIFICANCE OF ABBREVIATIONS MOST FREQUENTLY 


FIAN 

GDI 

GITI 

GITTL 

GONTI 
Gosenergoizdat 
Goskhimizdat 
GOST 

GTTI 

IL 


ISN (zd, Sov. Nauk) 


Izd. AN SSSR 
Izd. MGU 
LEIIZhT 
LET 

LETI 
LETIIZhT 
Mashgiz 
MEP 

MES 
MESEP 
MGU 
MKhTI 
MOPI 
MSP 

NII ZVUKSZAPIOI 
NIKFI 
ONTI 

OTI 

OTN 
Stroiizdat 
TQE 
TsKTI 
TsNIEL 
TSNIEL~MES 
TsVTI 

UF 
VIESKh 
VNIIM 
VNIIZhDT 
VTI 

VZEI 


Note: Abbreviations not on this list and not explained in the translation have been transliterated, no further 
information about their significance being available to us. — Publisher. 


ENCOUNTERED IN SOVIET PERIODICALS 


Phys. Inst. Acad. Sci. USSR. 

Water Power Inst, 

State Sci.-Tech. Press 

State Tech, and Theor. Lit. Press 

State United Sci.-Tech. Press 

State Power Press 

State Chem. Press 

All-Union State Standard 

State Tech. and Theor, Lit. Press 

Foreign Lit, Press 

Soviet Science Press 

Acad. Sci. USSR Press 

Moscow State Univ. Press 

Leningrad Power Inst. of Railroad Engineering 
Leningrad Elec, Engr. School 

Leningrad Electrotechnical Inst. 

Leningrad Electrical Engineering Research Inst. of Railroad Engr. 
State Sci.-Tech, Press for Machine Construction Lit. 
Ministry of Electrical Industry 

Ministry of Electrical Power Plants 

Ministry of Electrical Power Plants and the Electrical Industry 
Moscow State Univ. 

Moscow Inst. Chem. Tech. 

Moscow Regional Pedagogical Inst. 

Ministry of Industrial Construction 

Scientific Research Inst. of Sound Recording 
Sci. Inst. of Modern Motion Picture Photography 
United Sci.-Tech. Press 

Division of Technical Information 

Div. Tech. Sci. 

Construction Press 

Association of Power Engineers 

Central Research Inst. for Boilers and Turbines 
Central Scientific Research Elec, Engr. Lab. 


Central Scientific Research Elec. Engr. Lab.— Ministry of Electric Power Plants 


Central Office of Economic Information 

Ural Branch 

All- Union Inst. of Rural Elec. Power Stations 

All-Union Scientific Research Inst. of Meteorology 
All-Union Scientific Research Inst. of Railroad Engineering 
All-Union Thermotech. Inst. 

All-Union Power Correspondence Inst. 
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